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ABSTRACT

Author: Barber, Emma, A. MS
Institution: Purdue University
Degree Received: August 2018
Title: Optimization of Zein Based Surface Enhanced Raman Spectroscopy Biosensor for the
Detection Of Gliadin as a Marker for Celiac Disease
Major Professor: Jozef Kokini
Biosensors are a growingly popular alternative to chemical sensors. With their fast
detection time and portability, biosensors have the ability to be applicable in a number of
different industries. The current methods for allergen and toxin detection in the food industry
often require highly trained personnel and can be very time consuming. These disadvantages plus
the growing desire for the consumer to make more informed choices about what they eat, shows
a need for an easy to use, rapid, and specific method of detection for analytes of interest to the
food industry (Alocilja and Radke 2003). In this thesis, a mostly biodegradable biosensor is
proposed. The platform of the biosensor investigated is made from zein corn protein. This mostly
hydrophobic protein has been previously evaluated for use as a biodegradable surface enhanced
Raman spectroscopy (SERS) sensor (Gezer eta al. 2016; Gezer et al. 2016a; Gezer et al. 2016b).
The sensor was able to successfully detect both the acrylamide neurotoxin (Gezer et al. 2016b)
and the Ara-h1 peanut allergen protein (Gezer et al. 2016a). However, these studies left room for
the development of a more enhanced zein based sensor platform. This thesis describes the
construction of a zein based SERS sensor platform first through the comparison of various zein
film formulation changes and then with the implementation of gold nanoparticles. At the end, the
sensor was tested using the gluten allergen protein, gliadin.
Through the implementation of both oleic acid (OA) plasticizer and glutaraldehyde (GDA)
crosslinker, nine different formulations of zein films were tested for their ability to create an
optimized platform for a SERS sensor. The overall test for this application is the fidelity, or
replication, of microstructures imprinted into the films. For this thesis, the inverted
micropyramidal structure topography was achieved through the process of soft lithography. The
zein films were evaluated using scanning electron microscopy (SEM) to determine the degree to
which the inverted micropyramidas were successfully replicated. The films were also evaluated
for indentation, water contact angle, zein secondary structure changes, and color. The

xii
crosslinking and plasticization mechanisms were also monitored in solution with rheological
techniques and compiled with both Fourier-transform infrared (FTIR) as well as FT-Raman
spectroscopies. Both the OA and the GDA had effects on the various physical and properties of
these films. At 0.8 OA, the zein molecules both aggregated and crosslinked to a high degree, but
at 1.0 and 1.2 OA the plasticizer had a larger effect on the overall films. A larger storage
modulus (G’) was achieved with an increase in GDA, while the same trend was observed for a
decrease in OA. The zein gels were very soft due to a large amount of protein aggregation and
ethanol. Through FTIR, it was evident that the GDA aldehydes react with zein amine groups to
form linkages through imine bonds. Very minimal differences were found between the different
formulations in terms of color, water contact angle, and zein secondary structure. Overall, the 0.8
OA ratio with 4% GDA was found to be the optimal formulation for high fidelity inverted
micropyramidal structures to be used in a SERS based sensor.
This optimized formulation, including both OA and GDA, was then further enhanced with
the decoration of gold nanoparticles. Gold was transferred to the zein films during the imprinting
process of soft lithography. A polydimethylsiloxane (PDMS) intermediate mold was used to
transfer inverted micropyramidal structures along with a 20 nm gold coating to the zein films.
Cysteamine was then used to attach 50 nm gold particles to the gold coated zein films. A 100
mM of cysteamine created the best dispersion of nanoparticles on the platform surface when
compared to 10 mM with SEM. This divergence was further proven by the detection of
Rhodamine-6G on the sensor surface. An overall enhancement of 10x was achieved with the
implementation of these nanoparticles over an imprinted zein film with no gold.
The gluten allergen protein gliadin was used to test the optimized film formulation with
decorated gold nanoparticles. Anti-gliadin was affixed to the sensor surface with 11-MUA
activated by a reaction EDC and NHS. Although, the averaged spectra showed differences in
overall Raman intensity- no fingerprint peak could be identified due to the similar protein
(analyte) on protein (antibody) on protein (film/sensor platform) nature of the sensor. Principal
component analysis (PCA) was used to differentiate between the sensors. However, PCA was
unable to scatter the data effectively for every gliadin concentration due to some processing
problems with the sensor replication.
This research proved that a more optimized SERS sensor could be developed with a
biodegradable zein based platform. A balance of OA plasticizer and GDA crosslinker was found

xiii
to increase the fidelity of microstructures on the sensor surface and a successful dispersion of
gold nanoparticles was achieved on the gold sensor surface. These findings can be used in the
future to aid in the development of protein films and SERS biosensors.

15

CHAPTER 1.

INTRODUCTION

Allergens and toxins are FDA regulated food analytes of serious health concern to the
consumer. Currently, the official method of detection for allergens is enzyme-linked
immunosorbent assay (ELISA), which requires highly trained personnel and a long analysis time
(Nielsen 1998). Biosensors are an alternative method for detection of these analytes. A biosensor
uses a biological component that recognizes the analyte through chemical interactions. These
chemical reaction products are detected by a transducer that can then produce either a qualitative
or a quantitative reading (Mello and Kubota 2002). Platforms for these kinds of sensors are
usually made from glass or plastic, but recent research has found that it is also possible to make
the sensor base from biodegradable materials. Dr. P.G. Gezer used the zein corn protein to
manufacture films that were used as the platform for a Surface Enhanced Raman Spectroscopy
(SERS) biosensor (Gezer et al. 2016; Gezer et al. 2016a; Gezer et al. 2016b). SERS is an
advanced Raman spectroscopy technique that involves utilizing a roughed, metallized surface to
enhance a Raman signal (Cunningham, 2013). This technique has the ability to increase the
Raman signal up to 1010 times. However, previous research on zein based biodegradable
nanophotonic platforms was only able to reach a 103 enhancement (Gezer et al. 2016a). This
thesis proposes increasing the SERS enhancement of the zein based SERS biosensor through the
chemical modification of the protein film and increased roughness of the sensor surface with the
introduction of gold nanoparticles.

1.1

Zein Background

Zein is a storage protein in the rough endoplasmic reticulum of the corn kernel and has 4
different subclasses (α, β, γ, and δ) that act as varying parts within the protein body (Watson and
Ramstad 1987; Smith 2004). Although zein is identified as a prolamine due to its solubility in
aqueous ethanol, some of the sub fractions of zein also require the presence of a reducing agent
in order to be extracted. A new classification was developed for the zein subfractions based on
this altered extraction method and sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). As seen in Table 1, these zein fractions have varying amino acid compositions as
well as molecular weights (Watson and Ramstad 1987). It is these differences that affect the
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extractability as well as the organization of the protein body (Smith 2004). The α-zein
subfraction accounts for 70% of the protein, followed by γ-zein with 20%. Both β and δ-zein
only make up a total of 5% each of zein protein. Due to their abundance, α-zeins are the most
highly studied subfraction, although newer research has also begun to investigate γ-zein, due it
its higher concentration of the cysteine amino acid (Ems-Mcclung, Benmoussa, and Hainline
2002; Nonthanum, Lee, and Padua 2012; Nonthanum, Lee, and Padua 2013). In this thesis, αzein was used for the protein film platform.
1.1.1

Zein Structure
A-zein has the most widely published structure of any zein subfraction due to its

abundance and ease of extractability (not requiring a reducing agent). Argos et al. (1982) used
circular dichroism (CD) to determine both the amino acid sequence and the secondary structure
of α-zein (Figure 1a). The protein structure was found to consist of 9 repeat sequences. These
repetitions form 9 helices made up of non-polar residues (i.e. proline, leucine, and alanine, etc.)
and are connected by polar turns primarily made of glutamine. This sequencing showed that the
9 helices were organized in an antiparallel fashion. Argos et al. (1982) also further explained the
difference between the 19kDa and 22kDa subtractions of α-zein to be due to an increase in the
number of amino acid residues for the latter in the C-terminus.
Garrett et al. (1993) further investigated the zein amino acid sequence found by Argos et
al. (1982) with statistical modeling. The same hydrophobic, antiparallel helices connected by
polar turns were determined. However the C-terminus for both 19 kDa and 22 kDa α-zeins were
rendered the same length. Instead, this model determined that a tenth repeat unit arises in the 22
kDa α-zein. Garrett et al. (1993) also concluded that the circular, wheel model (Figure 1a)
presented by Argos et al. (1982) was inaccurate, proposing either a hexagonal or a triangular net
structure (Figure 1b). However, all three of these establish an overall globular shape of α-zein in
70% methanol (Argos et al. 1982; Garret et al. 1993).
In 1997, Matsushima et al. investigated the structure of α-zeins through small angle x-ray
scattering (SAXS). The protein was solubilized in 70% ethanol and a linear as opposed to
globular structure was found (Figure 1c). The same helical repeat units connected by glutamine
rich turns were proposed as in both Argos et al. (1982) and Garrett et al. (1993). The addition of
a tenth repeat unit for 22 kDa fraction was also confirmed with SAXS (Matsushima et al. 1997).
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Table 1. Amino acid profile of zein protein subfractions.
Amino Acids
(% mol)
Alanine (Ala)
Arginine
(Arg)
Asparagine
(Asn)
Aspartic Acid
(Asp)
Cysteine
(Cys)
Glutamine
(Gln)
Glutamic
Acid (Glu)
Glycine (Gly)
Histidine
(His)
Isoleucine
(Iso)
Leucine
(Leu)
Lysine (Lys)
Methionine
(Met)
Phenylalanine
(Phe)
Proline (Pro)
Serine (Ser)
Threonine
(Thr)
Tryptophan
(Trp)
Tyrosine
(Tyr)
Valine (Val)
Source

α-zein
Mr 22
Mr 19
kDa
kDa
13.7
14.6

β-zein
Mr 15
kDa
13.8

γ-zein
Mr 27
Mr 16
kDa
kDa
4.9
7.9

δ-zein
Mr 18
Mr 10
kDa
kDa
5.4
5.5

1.0

1.2

3.1

2.5

1.8

0.0

0.0

3.9

4.7

1.9

0.0

0.6

1.1

2.4

0.0

0.0

0.6

0.0

0.0

0.5

0.8

1.0

1.2

4.4

7.4

7.3

1.6

3.9

16.6

19.3

16.2

1.0

18.9

8.6

11.8

0.5

0.6

1.9

14.7

1.8

0.5

0.0

1.5

1.2

8.8

6.4

9.1

2.7

3.1

0.5

1.2

0.0

7.8

2.4

1.1

0.0

4.9

4.1

0.6

2.0

0.6

4.9

4.7

17.6

19.9

10.0

9.3

8.5

5.4

9.4

0.5

0.0

0.0

0.0

0.0

0.5

0.0

1.5

0.0

11.2

0.5

1.8

26.9

22.8

7.3

4.7

0.0

1.0

4.3

2.7

3.9

9.8
7.8

11.1
7.6

8.8
5.0

25.0
3.9

15.2
5.5

17.2
9.1

15.7
6.3

4.4

1.8

2.5

4.4

3.7

5.9

3.1

0.0

0.0

0.0

0.0

0.6

1.1

0.0

3.4

4.1

8.8

2.0

4.9

1.6

0.8

4.4
2.9
(Li et al. 2011)

2.5

7.4
4.9
3.2
(Watson and Ramstad 1987)

3.9

Other structures of zein have been proposed (Forato et al. 2004; Li et al. 2011; Tatham et
al. 1993; Momany et al. 2006), but they all build upon the previous models discussed. The basic
structure agreed upon is the hydrophobic helices connected by glutamine turns, yet no further
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agreement arises (Turasan and Kokini 2017). These differences most likely arise due to variances
in sample preparation methods for examination. The most widely cited models are that of Argos
et al. (1982) and Matsushima et al. (1997), which is why these two structures were used as the
basis for this thesis’ research. Zein structure is important in order to fully understand the
mechanism of chemical modifications made to zein protein films within this work.

Figure 1. Zein structural models: a) Zein structure with alternating α-helical, hydrophobic
residues in a wheel structure connected by glutamine turns interacting within planes in a
stacking manner (Argos et al. 1982); b) Zein net structures in both triangular (top) and
hexagonal (bottom) as an alternative to planar organization from Argos (Garrett et al. 1993); c)
Zein structure organized in a linear planar manner (Matsushima et al. 1997).
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1.1.2

Zein Application
Zein has been used for a number of different applications over the years. It was approved

for use in both human and animal food in 1985. However, zein’s insolubility in water as well as
its scarcity of essential amino acids such as lysine and tryptophan makes zein less desirable for
human consumption. Zein had its largest boom in the 1950s, being sold in a very popular fiber
form as silk replacement for clothes, called Vicara. It was also used for various coatings during
WWII. Today zein is used in coatings for pharmaceuticals as well as packaging material and a
protein supplement for animal feed (Watson and Ramstad 1987). It is also currently the topic of
many research projects varying from use in colloidal suspensions (De Folter, Van Ruijven, and
Velikov 2012) to encapsulating nanoparticles (Chen and Zhong 2014) to different applications
based on zein’s film forming abilities (Luecha et al. 2011). For many of these applications, zein
is chemically or physically modified to better fit the need of the scientist. One of the most
common ways to chemically modify zein protein is crosslinking.

1.2

Crosslinking

Crosslinking is a common chemical modification technique used to get desirable physical
properties through the creation of a molecular network. The crosslinked networks improve many
film properties including permeability, material strength, and thermal stability (“Chemistry of
Crosslinking” 2016). One of the most common examples of a crosslinked material is vulcanized
rubber. Through the process of crosslinking (also known as vulcanization for this application),
disulfide bonds are created between sulfur molecules that result in the same molecule that is used
for rubber bands being transformed into the material used for a tire (“Vulcanization” 2014). For
this research, crosslinking was investigated for its ability to strengthen the zein film, through an
optimization of the flexibility and yield properties, to improve the fidelity of microstructure
transfer and therefore a better platform for a SERS biosensor application.
There are a number of different criteria that must be considered when looking into
crosslinking. The first is the method of crosslinking to use. Molecular networks can be created
using heat, radiation, enzymes, and through chemical reactions. This choice must be made
depending upon the material that is intended to be crosslinked. Within the chemical crosslinking
method, a crosslinking agent is utilized to covalently bond molecules. The chemistry of the
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crosslinking agent can vary widely. Many crosslinkers contain an identical reactive group at
either end of the molecule, while others can contain different reactive ends. The former
homobifunctional molecules are the most common when the goal is to crosslink one specific
molecule, while the latter heterobifunctional molecule is optimal for creating networks between
different chemical structures. Besides the kind of reactive groups, the chemical specificity of the
groups, the length of the crosslinking agent, and water-solubility are also criteria for picking the
best chemical crosslinking agent (“Chemistry of Crosslinking” 2016).
The amino acid building blocks of proteins have a number of available reactive
groups for all of the crosslinking methods. For example, a protein with a high cysteine content
can be easily crosslinked through the redistribution of sulfhydryl groups, brought on by heat, to
form (Kokini et al. 1994); while, enzymes, such as transglutaminase, can cleave various
chemical groups- catalyzing specific reactions between the proteins. The main chemical groups
involved in these crosslinking reactions are primary amine, carboxyl, sulfhydryl, and carbonyl
groups. The availability of these chemical groups relies highly on the amino acid makeup of the
proteins as well as the structure of the protein as a whole (“Overview of Crosslinking and Protein
Modification” 2016). For zein, chemical crosslinking has been investigated under various
conditions over the past 20 years. Based on the Matsushima and Argos zein structure models
(Figure 1), zein’s glutamine turns and N-terminus are the most likely sites for these chemical
reactions.
Kim, Sessa, and Lawton (2004) crosslinked zein protein with both 1-[3dimethylaminoproply;]-3-ethyl-carbodiimide hydrochloride (EDC) and N-hydroxysuccindimide
(NHS). For this study, the films were made with 90% ethanol solvent and were analyzed for both
physical and chemical properties. Both of these crosslinking agents are heterobifunctional and
were reported as creating zero length crosslinks. This kind of crosslinking involves a direct
reaction between the zein molecules, as opposed to incorporation of a crosslinker molecule into
the network structure. Therefore, EDC and NHS act as facilitators for the reaction as opposed to
actually bonding to the zein molecule. This reaction creates no permanent change in NHS and
creates a urea derivate of EDC (Figure 2). Both of these mechanisms propose a very tight linking
between the zein molecules. The mechanisms propose that the crosslinking agents cause a
covalent bond between the carboxyl groups of one zein molecule with the amine group of
another causes an amide group to form between the two protein molecules. With the use of
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dynamic light scattering (DLS), Kim, Sessa, and Lawton (2004) found that the number of
binding sites available on an undenatured zein protein is limited. When DLS data was combined
with turbidometry they showed that at the beginning of the crosslinking reaction is driven by,
while the size of the molecules determines the number of crosslinks at the end of the reaction.
DLS also proved that the size of zein aggregates decreased with the introduction of crosslinking.
The physical properties of films formed at an air-water interface found the crosslinked films to
increase the flexibility of the films with a simultaneous increase in both elongation and tensile
strength with a decrease in young’s modulus.

Figure 2. Zein crosslinking with EDC and NHS (Kim et al. 2004).
Kruger Woods and Selling (2008) focused on the change in protein melt properties
during the crosslinking reaction analyzing the protein network formation with Glyoxal. To
catalyze the crosslinking reaction 1 of 3 bases was introduced into the melt matrix as well:
Sodium hydroxide (NaOH), potassium hydroxide (KOH), and calcium hydroxide (Ca (OH) 2).
For this study, the melt was processed for approximately 10 minutes before being frozen with
liquid nitrogen. The powder was then solubilized in acetic acid and molded for rheological
testing. No physical changes were observed during the processing of the melt with crosslinking,
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more than likely due to the fact that the reaction time to obtain a significant number of crosslinks
was much longer than the 10 minutes the melt was processed. The glyoxal decreased the
swelling of the melt processed powder when resolubilized. The crosslinking reaction created no
visible differences in infrared spectroscopies, but made a significant difference in tensile strength.
The concentration of 3% glyoxal as a crosslinker resulted in the highest tensile strength films.
The crosslinked properties were enhanced by the introduction of the bases, with NaOH being the
most effective. The KOH and Ca(OH)2 were able to improve tensile strength, but these films
were more soluble than those made with NaOH. Sodium hydroxide was also able to achieve a
greater tensile strength than the other bases at a lower concentration.
Sessa et al. (2007) and Sessa, Mohamed, and Byars (2008) were the first of 2 studies that
deeply analyzed zein films crosslinked with glutaraldehyde in acetic acid. The first study (Sessa
et al. 2007) looked at the tensile strength of a wide variety of glutaraldehyde concentrations.
There was an optimized crosslinking ratio for a high tensile strength at 4 and 8% (w/w zein)
glutaraldehyde. The water vapor permeability was found to increase with crosslinking, but the
authors believe that this could have been due to the variability in the thickness of the films. The
crosslinked films were thicker than their uncrosslinked counter parts. Sessa et al. (2007) stated
that the aldehydes present in this crosslinker would most likely react with a primary amine group.
There are thought to be approximately 14 sites within zein for this reaction: the protein’s Nterminus, 3 cysteines, 8 tyrosines, and 1 histidine. Sessa, Mohamed, and Byars (2008) went on to
confirm that only 1 primary amine was present on the N-terminus of the zein protein with SDS
Page. Fourier transform infrared (FTIR) spectra confirmed a reaction between a primary amine
and glutaraldehyde creating the protein network. This study also investigated gels that were
formed with the highly crosslinked protein. The gels were tested for swelling in various solvents
known to dissolve zein protein. The highest swelling ratio was observed for ethanol. The
compilation of these several characterization techniques led Sessa, Mohamed, and Byars to
present a mechanism (Figure 3) for the crosslinking of zein protein with glutaraldehyde.
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Figure 3. Zein crosslinking mechanism with glutaraldehyde (Sessa et al. 2008).
Parris and Coffin (1997) investigated the effects of 5 different crosslinking agents and 3
different plasticizers on zein films. The two homobifunctional crosslinkers, glutaraldehyde and
formaldehyde, were found to give the most desirable properties. Formaldehyde gave the highest
tensile strength. The larger crosslinking molecules of 1, 2, 3, 4-butaneteracarboxylic acid and
citric acid decreased Young’s modulus. Difficulty getting the plasticizer to stay within the film
matrix was observed in this study. The most effective plasticization method was found to be the
utilization of both propylene glycol and glycerol simultaneously. With these films, the glycerol
was pushed to the surface in favor of the propylene glycol- due to zein’s hydrophobic nature.
This study also looked at the properties of crosslinking zein to polymeric dialdehyde starch.
These films saw a decrease in water vapor permeability over all of the other crosslinked films.
The plasticizer caused an increase in the water vapor permeability rate, as the plasticizer
increased the free volume between the protein molecules- while the crosslinking brought them
together in a tighter network.
Zein can be crosslinked using a number of different mechanisms. The introduction of
crosslinker allows for changes in the physical and chemical structure of both zein films and gels.
The simultaneous use of crosslinker and plasticizer allow for a true optimization of zein film
properties to fit a specific application. In this thesis both of these chemical modifiers were used
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to optimize zein films for a sharper replication of nanostructure surface topographies as the basis
for the manufacture of a better biodegradable SERS biosensor.

1.3

Biosensors

Fast and portable detection systems, biosensors have applications in a wide variety of
industries and have been used very successfully as an alternative or in complementation with
chemical sensors since the early 1960s (Scott 2005). A biosensor consists of two major parts.
The first is a biological sensing element such as an antibody or an enzyme. The second is a
transducer that turns a reaction with the recognition element into a quantitative signal (Scott
2005; Thakur and Ragavan 2013; Mello and Kubota 2002). The very first biosensor was created
in 1956 and used to measure the oxygen content of blood. Four years later, that same biosensor
was used to determine glucose concentration through the introduction of the glucose oxidase
reaction in the biosensor (Thakur and Ragavan 2013). Although the medical industry is what
made biosensors popular, there is also a need and application for them in the food and
agricultural industries (Scott 2005). Western blots and dot immunoblotting are the current
methods used for qualitative analysis of allergens, while immunoassays such as enzyme linked
immunosorbent assay (ELISA) are used for quantitative analysis. These methods are highly time
consuming (48 to 72 hours) and require extensive training and expensive equipment (Nielsen
1998). These drawbacks plus the increase in regulations requiring testing to be complete before
distribution of food products, especially food products from animal origin like raw meats and
eggs, have created a need for highly sensitive and rapid alternatives (Alocilja and Radke 2003).
Biosensors have the ability to fill this need and increase the repertoire of available testing for
food products.
In order to develop the most sensitive and accurate biosensor for a specific analyte, the
most effective recognition element and transducer must be determined. The type of biological
sensor determines the type and way in which the analyte can be detected. The identification parts
fall within three major categories: 1) enzymes, 2) whole cells, and 3) affinity biomolecules.
Enzymes are used for the easy detection of chemical reactions, acting as catalysts for some while
inhibitors for others. The biosensor invented by Leland Charles Clark Jr. to detect blood glucose
levels was enzyme based. The glucose oxidase enzyme was entrapped in a membrane and the
decrease in measured oxygen correlated to an increase in the blood glucose level. On the other
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hand, whole cells can help measure analytes responsible for the prevention of cellular respiration
or the stimulation of specific protein generation (Thakur and Ragavan 2013). Babu et al. (2007)
created a biosensor for the detection of caffeine using a microbe that broke down the caffeine
molecule. Finally, affinity biomolecules such as antibodies, aptamers, and nucleic acids, are
recognition elements that bind to a specific analyte (Thakur and Ragavan 2013). For example,
Gezer et al. (2016a) used an antibody for the detection of the Ara-h1 peanut allergen protein.
The type of transducer determines how the recognition element is converted into a
quantitative signal. A change in surface potential can be detected by an electrochemical
transducer (Scott 2005). For example, Updike and Hicks (1967) used the biosensor previously
proposed by Leland Charles Clark Jr. for blood glucose level. The amount of oxygen in this
research was determined using a chemical oxygen sensor (Beckman No. 325812). A thermal
transducer can also be used to detect a change in sensor temperature due to an exothermic
reaction (Thakur and Ragavan 2013). Nanoimmunotech Inc. created HEATSENS, which is an
ultrasensitive technology used in biosensors to convert refracted light into a quantifiable thermal
reaction using gold nanoprisms. This biosensor is currently used in the agribusiness for quality
detection in Europe (“HEATSENS” 2015). If the amount of refracted light was quantified alone,
an optical transducer would be used- having the ability to detect changes in absorbance or
emission of light (Scott 2005).
In order to have a successful biosensor, the two major components must work together to
create a highly selective and sensitive detector with a reproducible signal. Biosensors also need
to have a fast analysis time and a linear response to concentration to be desirable (Thakur and
Ragavan 2013). The largest drawback with the manufacture of biosensors today is their shelf life.
The sensing element can degrade over a short period of time, decreasing the effectiveness of the
biosensor. However, biosensors are still being highly researched for applications with a number
of different analytes including acrylamide, benzene, pesticides, bacteria, and sugars (Thakur and
Ragavan 2013; Mello and Kubota 2002).
Dinçkaya et al. (2010) created an amperometric biosensor for the detection of nitrates in
water and cured meats. Nitrates occur naturally in plants as well as ground water and are used as
a preservative in cured meats. However, nitrates can breakdown into nitrosamines in the stomach
and cause cancer. To determine the concentration of nitrates, a glassy carbon electrode with a
nitrate reductase gel was used. This enzyme has a redox center that is actively involved in
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electron transport. However, the center is hard to reach and requires the use of a mediator to go
between the enzyme gel and the electrode surface of the biosensor to ensure that the ions are
directly transferred to the electrode. A proper mediator can greatly improve the sensitivity and
increase the maximum potential reached the biosensor. The type as well as concentration of the
mediator was optimized along with the nitrate concentration and pH. The final sensor design
yielded a limit of detection and quantification of 2.2E-9 M and 5.79E-9 M respectively. With
these low limits, the biosensor was able to match the sensitivity of the reference method for both
water and cured meat samples (Table 2). This biosensor’s ability to handle real world samples
makes it a strong competitor with the standardized method for reliable on-line, at line and point
of care detection of analytes.
Table 2. Nitrate levels found with biosensor compared to established method (Dinçkaya et al.
2010).
Sample

Nitrate Stated (mg/L)

Spring Water 1
Spring Water 2
Spring Water 3
Spring Water 4
Spring Water 5
Mineral Water
Pastrami
Sausage
Salami

8.360
1.236
3.520
1.000
1.000
0.200
-

Nitrate Found
(Biosensor)
8.270 mg/L
1.196 mg/L
3.182 mg/L
1.049 mg/L
1.074 mg/L
0.212 mg/L
377 mg/kg
1467 mg/kg
280 mg/kg

Nitrate Found
(Established Method)
8.150 mg/L
1.157 mg/L
3.205 mg/L
1.013 mg/L
1.070 mg/L
0.210 mg/L
403 mg/kg
1474 mg/kg
267 mg/kg

Indyk et al. (2000) also compared their biomolecular interaction analysis (BIA) biosensor
for the detection of biotin and folate in milk powder and infant formula to the established
microbiological assay (MBA). Infant formulas must meet specific nutrition requirements to meet
regulations and are often enhanced with vitamins to do so. Specifically, formulas are enhanced
with both biotin and folic acid- to ensure that nutrients are bioavailable in needed quantities to
the infant. The biosensor was based on the change in refractive index due to antibody-antigen
binding monitored by surface plasmon resonance (SPR). In this case, the analyte was fixed to the
surface of the sensor using a carboxymethyldextran and allowed to interact with a free
monoclonal antibody. The sensor was used to detect the amount of free antibody left in solution
after binding, showing an inverse relationship with the analyte concentration. The established
method involves incorporating the extracted nutrients into the media of Lactobacillus plantarum
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and Lactobacillus rhamnosus for biotin and folate respectively. The turbidity is then measured at
600nm. As seen in Table 3, both the BIA method and the established MBA gave similar results
for all samples. Having a fast analysis time as well as a comparable sensitivity to the established
method, this biosensor reaffirms the potential of their use for quality control measurements.
Table 3. Detection of Biotin and Folate in both whey based and goat milk based infant formulas
with both the biosensor (BIA) and established (MBA) methods(μg/100g) (Indyk et al. 2000).
Sample
Reference Value
Whey Formula 1
Whey Formula 2
Whey Formula 3
Whey Formula 4
Whey Formula 5
Whey Formula 6
Whey Formula 7
Goat Formula 1
Goat Formula 2

Biotin
BIA
38
35
106
88
42
20
29
34
32
25

Folate
MBA
35
33
106
94
44
15
26
31
34
23

BIA
119
94
193
311
134
128
51
72
89
69

MBA
128
101
194
310
156
151
59
80
85
63

Another popular application for biosensors is for the use of pathogen and spoilage
organism detection, like the multijunction platform presented by Lee and Jun (2016). In this
study, a biosensor was designed for the detection of the two foodborne pathogens Escherichia
coli K12 and Staphylococcus aureus. The substrate design consisted of a single channel with
various junctions functionalized for the detection of each bacterium (Figure 4). The junctions are
composed of gold plated tungsten wires with antibodies for each of the respective DNA
functionalized to the surface with streptavidin. A current is run through the wires and monitored.
As the analyte binds to its antibody, the resistance of the wire and the absolute value of the
change in current (ΔI) increases. Bacterial slurries of both E. coli K12 and S. aureus as well as a
mixture of the two were tested under a continuous flow for 1 mL/min. For the individual bacteria,
the detection range was calculated as 102 - 105 CFU for both. The bacterial mixtures showed a
similar range, detecting limits as low as 102 CFU, and proved that biosensors can be used for the
simultaneous detection of various analytes.
Biosensors have a strong potential for application in the food industry. They offer
sensitive, specific, and fast methods that could aid in processing and quality control
measurements. The construction of a biosensor, biological recognition system with a chemical or
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physical transducer, is well established. Current research has proven that biosensors can be used
to detect nutrients and toxins in food. As in Lee and Jun (2016), biosensors also offer the option
of testing for multiple analytes at the same time. Some major challenges ahead for biosensors are
having reproducible detections at very sensitive FDA thresholds and detecting analytes within a
food matrix. The research within this thesis attempts to do the former through platform
optimization for a SERS biosensor to detect gliadin responsible for the allergic reaction in celiac
patients.

Figure 4. Multijunction biosensor apparatus setup (Lee and Jun 2016): a) illustration of
functionalized junction; b) conceptual design of multijunction biosensor for multiplexed
detection in a continuous flow mode; c) individual ready to use sensor chip.
1.3.1

Surface Enhanced Raman Spectroscopy
Surface Enhanced Raman Spectroscopy (SERS) is exactly as its name implies: a way to

enhance the intensity of a Raman spectrum. Raman spectroscopy is a measure of the
polarizability of specific bonds. This technique has the ability to determine differences between
many symmetric organic bonds, making it the complimentary method of Infrared spectroscopy,
which shows the strongest intensities for bonds containing large dipoles.
The basis of Raman spectroscopy is Raman or inelastic scattering. When a photon
absorbs energy, it is excited from its ground state to a virtual energy state. As it vibrates at the
virtual level, its energy dissipates and it moves to a lower energy state. If it returns to the same
energy state from which it was excited, it is called elastic or Rayleigh scattering, whereas a
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photon that returns to a different vibrational state from which it was excited has undergone
inelastic or Raman scattering (Figure 5). Within inelastic scattering, there is also the Stokes and
anti-Stokes behavior. The former is the more common of the 2 and occurs when the photon
returns to a lower energy level, while the latter refers to the photon returning to a higher energy
state. Out of every one million photons that is scattered, one undergoes Raman scattering. This
unfortunate ratio is one of the major reasons for the need for SERS (Cunningham 2013).

Figure 5. Rayleigh versus Raman scattering.
SERS has the ability to increase both the limit of detection of a Raman spectrometer as
well as the readability of the spectrum. By increasing the overall intensity of a Raman spectrum,
peaks that might otherwise be looked over are much more apparent. The use of a SERS
technique has been reported to enhance the Raman signal up to 1010 times (Cunningham 2013).
This enhancement is achieved through both chemical and electromagnetic effects. The chemical
effect involves increasing the polarizability of the bonds, through such influences as chargetransfer. The wavelength of the laser used is also an important factor in terms of the chemical
effect. Raman spectrometer lasers usually range within the visible light spectrum. Therefore, it is
important to pick a laser that will have a tendency to reflect the most light, without overloading
the detector. The electromagnetic effect, on the other hand, refers to the creation of a surface
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plasmon effect. Atoms with high electron density can create an oscillating field through the
constant absorption and emission of incident light within the electron clouds. It is this
electromagnetic effect that drives most of the SERS research today (Jun et al. 2011).
The electromagnetic enhancement effect of SERS is achieved through the creation of a
rough, metal surface covering the substrate. The surface can be made rough through the
introduction of nanoparticles or nanostructures. The key for these nanostructures is to create hot
spots of very high energy that increase the intensity of the Raman’s spectroscopic peaks.
Therefore, the signal achieves the greatest enhancement in cavities as opposed to at the peaks of
mountains because the electron density in these cavities is much higher than any other location
on the sensor creating “hotspots”. The surface roughness achieves a high electron density
through the introduction of metals which have high electron densities because of their relatively
high atomic numbers. These atoms create a roughness between one another’s electron clouds.
The most common metals used for SERS are silver, gold, and copper (Cunningham 2013).
Compared to other detection methods currently in use, SERS has a number of advantages.
Raman spectroscopy is not sensitive to polar solvents, making water an easy sample prep solvent.
Clear packaging, including plastic bags and glass slides, are also penetrable by Raman
spectroscopy, considerably cutting down the sample prep time (Craig, Franca, and Irudayaraj
2013). The time needed for detection is also very short, taking approximately 51 s per sample
compared to an HPLC’s 22 minutes (Hu et al. 2015). The introduction of the user friendly hand
held Raman spectroscope also eliminates the need for complicated equipment or trained
personnel. With a SERS microchip, the analysis could be done directly on a manufacturing floor.
The ease of analysis with an increased sensitivity with SERS makes this method a desirable
method over methods like surface plasmon resonance (SPR), enzyme-linked immunosorbent
assay (ELISA), and Colorimetry (Craig, Franca, and Irudayaraj 2013).
Within the literature, SERS has been reported as a detection technique for both
adulteration and food safety applications. Hu et al. (2015) used a gold coated microchip covered
in silver dendrite to determine the concentration of melamine in spiked milk samples. Melamine
is a protein that was used to give the false appearance of high protein content in pet food and
formula in the early 2000s. It is now banned internationally as a food adulteration additive. Hu et
al. (2015) spiked whole milk samples with concentrations of melamine varying from 6.35-0.126
mg/L. A characteristic peak at 703 cm-1 was found to vary linearly in intensity with the
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concentration of melamine, corresponding to the triazine ring breathing of melamine. A
correlation curve was drawn from this peak’s intensity with respect to concentration, proving that
a linear relationship could predict the concentration of adulterated substance above the Canadian
limit of detections for both milk and infant formula- 2.5 and 0.5 ppm respectively.
Similar to Hu e al. (2015), Yao et al. (2011) used gold nanoparticles to detect butylated
hydroxyanisole (BHA). This antioxidant is commonly used in both food and food packaging
applications, but was recently found to be carcinogenic in high doses. Yao et al. (2011) prepared
BHA solutions ranging in concentration from 10 to 1000 μg/mL. Each of these solutions was
mixed with 50 nm gold nanoparticles to achieve the SERS effect. With this analyte, the
identifying band was that of the out-of-plane benzene ring deformation apparent with a
characteristic peak at 480 cm-1 (Figure 6A). Again a correlation curve with a linear regression
was determined from this peak’s intensity in relation to BHA concentration (Figure 6B). The
antioxidant’s adsorption to the nanoparticles was also confirmed with peak variations
corresponding to the change of the Ph-OH bond to a Ph-O-Au linkage. It was this linkage that
implemented the SERS enhancement of the BHA samples.

Figure 6. BHA identifying peak and concentration curve (Yao et al. 2011): (A) Normal Raman
spectra of BHS (a) and SERS spectra of BHA at 10, 100, 500, 750, and 1000 μg/mL (b-f
respectively); (B) Linear relationship between BHA concentration and 480 cm-1 Raman peak.
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Mungroo, Oliveira, and Neethirajan (2015) used SERS for the detection of foodborne
pathogens in water, furthering the detection capabilities of SERS to include bacteria. A detailed
library of peaks for 7 different bacteria (E. coli, L. monocytogenes, S. typhimirium, L. innocua, S.
enteritis, MRSA 35, MRSA 86, and Pseudomonas aeruginosa) was identified in this study. Linear
discriminant analysis (LDA) was used to determine the differences between the bacterial spectra.
Without SERS many of the bacterial spectra were unidentifiable from one another. However, the
addition of 40 nm silver nanoparticles made the bacterial spectra easily identifiable form one
another with LDA. A further investigation was done to determine if samples containing more
than one of the pathogens could be differentiated from one another. With the use of principal
component analysis (PCA), all multi-pathogenic samples were distinguished from one another
with a limit of detection as low as 2 CFU/ml.
In summary, SERS is an enhanced method of an old technique. Its high sensitivity
coupled with an ease in both sample prep and detection method makes it a desirable technique to
a number of currently established methods. The literature has reported it as an applicable method
for the detection of adulteration and food safety applications with both chemical and bacterial
analytes. With further research and the availability of SERS chips as well as particles will make
this a widely used method in analytics. The spectra obtained from SERS based sensors can
sometimes hold data that is not seen directly apparent. To obtain the full potential of a biosensor,
statistical methods are often used to aid in data analysis. One of the most common approaches
for this kind of investigation is principle component analysis.
1.3.2

Principle Component Analysis

A common statistical technique used to distinguish significant differences between biosensor
results is principle component analysis (PCA). As shown by Mungroo, Oliveira, and Neethirajan
(2015), PCA has the ability to take a large amount of data and put it on an analyzable scale. The
results of this statistical analysis are used to 1) create a simpler visualization of the data, 2)
determine which variables are correlated and 3) determine which of the correlated variables
stand out as being the most independent and capable of explaining the remaining variables
(Jauregui 2012). From this gathered information, large amounts of data can be efficiently
organized to lead to valuable conclusions from seemingly unrelated data.
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The basis of PCA is rooted in linear algebra (Jauregui 2012). A set number of samples ()
are examined and a specific number of outputs are collected ().
vector (

Each sample’s data set is a

 
). Together these vectors can be put together to create a matrix (

). To make

the data simpler to analyze, PCA shifts the average of the data to 0. This action is accomplished
by taking the mean () of the vectors contained in matrix


with Equation 1:

       

(1)

The mean () is then subtracted from each vector in

, creating a new matrix () of data

centered on the origin (Equation 2):
        

(2)

Next the data is analyzed for variance. Specifically, PCA looks for similar variances between
variables- aka covariance. This calculation is performed using Equation 3, where   is the
transpose of , and creates the covariance matrix, ˘.
˘ 


ˇ

 

(3)

Finally the eigenvalues (ˆ , … , ˆ ) of ˘ are found through linear algebraic methods, with a
corresponding eigenvector for each (˙
˝ , … ,˙
˝ ).

Eigenvalues are real numbers that solve

Equation 4 for their corresponding eigenvectors.
˝˛  ˆ˛ ˙
˝˛
˘˙

(4)

For PCA, the eigenvectors are known as principal components (PCs). These vectors are the
output variables for PCA and are used to create figures that scatter the vectors from matrix .
The corresponding eigenvalues for each of the PCs indicates the amount of total variance that
each PC accounts for. With PCA, PC1 will always account for the most variance and PC y will
account for the least (Jauregui 2012).
The kinds of data sets analyzed by PCA can vary greatly, even within the biosensor field.
Feng et al. (2013), used molecularly imprinted polymers (MIPs) coupled with SERS to detect
and quantify α-tocopherols in vegetable oils. A silver dendritic SERS sensor was functionalized
with the MIPs. The analyte, α-tocopherols, was trapped by these polymers and then the sensor
was analyzed using Raman spectroscopy. Significant differences between the spectra collected
from this sensor were difficult to detect, so PCA was used to further analyze the variances. The
overall spectrum for each of the analyte samples was placed into PCA and Figure 7 was created.
The 4 groupings represent different concentrations of α-tocopherols and are easily identifiable
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with PCA. The different colors of the letters in Figure 7 represent different kinds of oils that
were spiked with the concentration of α-tocopherols. PCA shows that the MIP-SERS sensor was
able to correctly identify the α-tocopherols concentration even through the different vegetable
oils (Feng et al. 2013).

Figure 7. PCA of α-tocopherol content in vegetable oils (Feng et al. 2013): (A-D) account for 0,
0.1, 0.5, and 1 mg of α-tocopherols per 0.05 g of vegetable oil respectively: peanut oil (black);
olive oil (red), corn oil (green); canola oil (blue).
Guerreiro et al. (2017) used their biosensor combined with PCA to demonstrate an alternative
method to collecting sensory data on wine astringency. Molecular imprinted polymers were
attached to gold nanodisks and then analyzed by localized surface plasmon resonance (L-SPR) to
simulate and quantitatively calculate astringency. Other chemical components of the wine were
also determined: total phenolic content, free anythocyanins, dialysis index, proanthocyanic
tannins, tannin power, color, and monoglucosidic anthocyanins. PCA was used to determine if
any relationship existed between the wine’s chemical properties (including calculated
astringency using the biosensor) and astringency as determined by an expert panel. Through
PCA (Figure 8), the research concluded that the sensor was able to predict the sensorial results,
but that these were not in fact related to the polyphenol content. PC1 appears to represent color,
as both wine A and B on the plot were more transparent and less rich in color than the others. On
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the other hand, PC2 was able to differentiate between tannin power and astringency. Wines C, D,
F, and G had a positive PCA score, which correlated with a higher polyphenol content, but also a
lower detected astringency through both the sensory panel and the L-SPR data (Guerreiro et al.
2017). In this case as well as that of Feng et al. (2013), PCA was used to further analyze
biosensor results, simplifying the data both visually and analytically. This method was used by
Dr. P.G. Gezer in her work on a zein based SERS biosensor (Gezer et al. 2016a; Gezer et al.
2016b). Her work was the original proposal for such a device and laid the foundation for the
research presented in this thesis.

Figure 8. PCA plot of wines and various attributes (Guerreiro et al. 2017).
1.4

Previous Zein based SERS Sensor Research

Using zein films as the basis for a surface enhanced Raman spectroscopy sensor (SERS)
has been previously investigated for its validity as well as possible applications within this lab.
The research began with an examination of the surface properties of the films. Gezer et al. (2016)
developed new methods for both the metal transfer and the nano/microstructure replication onto
zein films. Both gold and silver metals were initially compared for metallic transfer. However,
the silver was found to degrade quickly due to oxidation and tarnish, making gold the better
choice of the two. Different film surface topographies were also tested through soft lithography.
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The successful replication of nanopillars, the inversion of the nanopillars (nanopores),
micropyramids, and inverted micropyramids were observed through the method of soft
lithography. Ultraviolet cured polyethylene with the desired structures was used as a master mold.
This template was used to make an inverted mold by curing polydimethylsiloxane (PDMS) on
top of the master mold. The PDMS was then coated in gold using electron beam evaporation,
facilitating both gold and structure transfer once a cured zein film was cast and peeled from this
intermediate mold. Gezer et al. (2016) evaluated 3 different structures for their SERS effects:
nanopillars, nanopores, and inverted micropyramids. The former 2 were coated with 80nm of
gold while the last was coated in 200 nm of gold. As seen in Figure 9, the inverted
micropyramids showed the greatest enhancement of the Raman active Rhodamine 6G analyte.
Therefore, the most effective zein based SERS sensor was concluded to be that of the gold
coated inverted micropyramids transferred through a PDMS assisted soft lithography process.

Figure 9. SERS of various topographical structures with R6G analyte (Gezer et al. 2016).
Gezer et al. (2016b) tested this sensor design with acrylamide. Found in starchy fried
foods, acrylamide is a product of the reaction between the amino acid arginine and reducing
sugars. It has been proven to be both toxic and carcinogenic in animals. The FDA issued
strategies for reducing acrylamide in foods in 2013. Its chemical structure is Raman active and
was easily differentiated from the protein sensor (Figure 10). Seven different concentrations of
acrylamide were evaluated using the zein based SERS sensor (Figure 10). The limit of detection
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(LOD) was found to be 10 μg/ml, the lowest concentration tested. At this concentration, only 1
acrylamide specific peak was evident, meaning that the peak identifying acrylamide would be
lost entirely below this threshold. This characteristic spectral peak at 1447 cm-1, representative of
the CH2 bending, was observed to linearly change with acrylamide concentration. A calibration
curve was calculated between the concentration and the 1447 cm-1 peak’s intensity on a log-log
plot and a linear regression gave a coefficient of determination close to 1 (R 2=0.97). The zein
SERS sensor was found to be sufficient for detecting acrylamide at common levels found in
foods.

Figure 10. Zein sensor acrylamide application (Gezer et al. 2016b): left: Identification of
selective peak for detection of acrylamide versus the zein sensor background; right: Acrylamide
concentration based SERS spectra.
The sensor was further tested as the basis for a biosensor in the detection of the Ara-h1
peanut allergen, which is the protein most strongly responsible for the anaphylaxis reaction to
peanuts (Gezer et al. 2016a). For this study antibodies were functionalized to the surface of the
SERS sensor by attaching a monolayer of 11-Mercaptoundecanoic acid (11-MUA) to the gold
surface and activating the carboxylic groups with a mixture of N-(3-Dimethylaminopropyl)-Nethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS). The antibodies were
then attached to the 11-MUA, creating a monolayer of Ara-h1 antibodies. Differentiating
between the protein SERS sensor, the protein antibody, and the protein allergen spectra proved to
be difficult. As seen in Figure 11, the background from the SERS sensor gave a very similar
signal to that of the sensor with Ara-h1 on the surface. In order to determine that the antibodies
were properly functionalized, the spectra for the sensor alone, the sensor with antibody, and the
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sensor with antibody as well as Ara-h1 were run through principal component analysis (PCA)
(Figure 12). This procedure was able to differentiate between the spectra- proving the validity of
the method. PCA was also used to determine the differences between concentrations (Figure 13),
as the same problem prevented easy differentiation between these spectra as well. The LOD for
Ara-h1 was determined to bet 0.14 mg/ml- a value 3 magnitudes higher than that of acrylamide.
The basis for the design of the zein film SERS biosensor comes from these 3 papers.
Together they prove that a zein SERS sensor is plausible and effective in detecting small
amounts of analyte. However, there is still room for improvement with sensitivity. The
acrylamide sensor did not reach as small of a LOD as offered by other methods, and the Ara-h1
sensor LOD was far above that of acrylamide. There is also no current optimization on the zein
film for this application. Thus, the studies presented in this thesis were designed to further
improve this area of research.

Figure 11. Zein sensor background (left) compared to Ara-h1 allergen protein SERS spectra
(right) (Gezer et al. 2016a).
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Figure 12. PCA of sensors throughout antibody functionalization process (Gezer et al. 2016a):
zein sensor background (black), antibody-functionalized zein sensor (blue), Ara-h1 with antibody
functionalized zein sensor (red).

Figure 13. PCA of various concentrations of Ara-h1 peanut allergen on zein SERS sensor (Gezer
et al. 2016a): 1.4 mg/ml (red), 1 mg/ml (green), 0.25 mg/ml (blue), background (black).
1.5

Gluten

The gluten food allergen was chosen to be used in this research as an example of the
application for the food and beverage industry of the final developed sensor, much like in Gezer
et al’s work with the Ara-h1 peanut allergen (2016a) and acrylamide neurotoxin (2016b). Gluten
is a protein matrix found prominently in wheat. This molecule can cause severe intestinal
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problems in those who are sensitive to it. The people most affected by gluten are those with
Celiac disease. This disease can cause a malsorption of vital nutrients within the intestine, and if
untreated- can cause damage to other parts of the body such as the gallbladder, the pancreas, and
the brain. Unfortunately, the only current method of treatment for those affected is an avoidance
of all products containing gluten (“What Is Celiac Disease?” 2018).
Over 76 million people in the world are affected by Celiac disease (Balakireva and
Zamyatnin 2016), and as the rate of this disease diagnosis increased in the early 2000s- so did the
number of gluten free food options. The gluten free food and beverage industry grew 44% from
2011-2013 (Mintel Group Ltd. 2013). The rate of growth has since slowed, but is still continuing
to grow (Mintel Group Ltd. 2016). In 2013, the FDA released a definition of “gluten-free” with a
strict compliance date of August 2014. Gluten free is defined as a food or beverage product that
is not directly derived from any gluten-containing source. The product can also not contain more
than 20 ppm of gluten from cross contamination. This threshold was based on the limit of
detection of current analytical methods (Center for Food Safety and Applied Nutrition 2014).
The official method for gluten detection is enzyme linked immunosorbent assay (ELISA). This
method uses antibodies to trap the desired gluten analyte and detects the gluten concentration by
a color change (Koerner et al. 2013). Highly trained personnel and a large amount of time are
required to use this method. For these reasons, gluten was the perfect candidate for testing a
potentially sensitive biosensor with fast response
Specifically, this research focused on the gliadin fraction of gluten. The two proteins that
make up the gluten protein matrix are gliadin and glutenin. Research has found gliadin to be the
main component of wheat gluten responsible for the immunological response in those with
gluten allergies (Balakireva and Zamyatnin 2016). For this reason, gliadin was the allergen
protein concentrated on for the research proposed here. Gliadin is a prolamin protein, like zein,
and has 3 subfractions: α, γ, and ω. The α and ω fractions are rich in sulfur containing amino
acids, while the γ subfraction is poor. The large amount of cysteine present in α and ω fractions
allows those proteins to easily form covalent disulfide bonds with other molecules, while the γ
subfraction is incapable of forming such bonds- containing mostly glutamine and phenylalanine
residues. The bonding differences in these subfractions also lead to variations in secondary
structures. Ω- Gliadins are entirely made up of random β- turn coils. Stabilized by intramolecular
disulfide bonds, the other two subfractions contain both β- sheets and α-helices (Balakireva and
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Zamyatnin 2016). Using the optimized zein SERS sensor to detect gliadin is a distinct new
avenue of research that has not been attempted before and sets apart this research from the
previous studies.

1.6

Research Goals

The aim of this research was to optimize the zein based mostly biodegradale, SERS
biosensor for increased sensitivity. This was done through a two pronged strategy to improve the
SERS platform that was then used for gliadin detection. In the first part, an optimized zein film
formulation was developed with both crosslinker and plasticizer for improvement in fidelity of
the inverted micropyramidal surface topography. A surface with highly ordered structures will
increase the quality of the SERS spectra.

The second strategy focused on direct SERS

measurements. In addition to gold coating optimized zein films with a PDMS intermediate, gold
nanoparticles were functionalized to the sensor surface. Different concentrations of the
cysteamine binding molecule were tested to optimize sensor coverage with nanoparticles. The
SERS enhancement was then measured using Rhodamine-6G, a Raman active molecule. The
final biosensor created from these two steps was then functionalized with anti-gliadin antibodies
and tested with solutions of known gliadin concentrations. SERS spectra were then collected and
analyzed using PCA.

1.7
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CHAPTER 2.
EFFECT OF PLASTICIZING AND CROSSLINKING ON
ZEIN FILM PROPERTIES FOR SERS SUBSTRATE APPLICATION

2.1

Abstract

Zein is the most abundant protein in corn as well as a major byproduct of ethanol. With its
biodegradable properties and film forming capabilities it has been the subject of a number of
different protein film applications. Recently zein has been investigated as a substrate for a
surface enhanced Raman spectroscopy (SERS) sensor (Gezer et al. 2016, 2016a, 2016b). This
study examined various film formulations to improve the properties of zein films relevant to the
SERS sensor application. Both oleic acid (OA) plasticizer and glutaraldehyde (GDA) crosslinker
were simultaneously incorporated in the films to heighten particular mechanical and surface
properties. The OA composition was tested in a ratio of 0.8:1, 1:1 and 1.2:1 w/w zein, while the
GDA concentration was tested at 0, 4, and 8% solution with zein. A number of techniques were
used to assess these films: indentation, scanning electron microscopy (SEM), Fourier transform
infrared (FTIR) spectroscopy, Fourier transform Raman spectroscopy (FT-Raman), water contact
angle (WCA) and color. It was found that both GDA and OA concentrations played a significant
role in the overall properties of the film to make an effective SERS substrate. The crosslinked
films were quite different than the uncrosslinked films, but only small variability was found
between the 4% and 8% GDA ratios. The 0.8:1 and 1:1 OA were very similar, but the 1.2:1 OA
ratio proved to be an excessive content of plasticizer within the film- causing phase separation.
Overall, the 0.8:1 OA with 4% GDA film formulation was discovered to have the best
mechanical and surface properties for high fidelity microstructures to be used for a SERS based
sensor platform.

2.2

Introduction

As a byproduct of ethanol production, zein has become a major focus of research for a
variety of applications. Its film forming capabilities and its unique amphiphilic properties make it
a candidate for packaging, edible coatings, microfluidic devices and medical scaffolding
applications. Zein is also biodegradable, with a depletion rate of 80% within 20 days (RomeroBastida et al. 2004). A mostly hydrophobic protein, zein has a large abundance of hydrophobic
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amino acids like proline, alanine, leucine, and glutamine (Corn : Chemistry and Technology
2003). The structure of this prolamine protein is currently under debate. The two most cited
models are those of Argos et al. (1982) and Matsushima et al. (1997), but other scientists have
also been investigating the structure of the protein- creating slightly modified structures based
upon around these two origins (Bugs et al. 2004; Forato et al. 2004; Momany et al. 2006).
Overall most scientists agree that the zein structure consists of α-helices, β-pleated sheets, and
random coils wrapped around one another in a cylindrical type structure. These dowels are then
connected to one another by hydrophilic β-turns made up of the glutamine amino acid
(Matsushima et al. 1997). This amphiphilic nature allows for the protein to flexibly arrange itself
on other surfaces that it comes in contact with during various manufacturing processes. Previous
work has found that casting films on various surfaces changes the hydrophilicity of the zeinsurface interface (Gezer et al. 2015).
One interesting application of these solution cast films is as a biodegradable platform for
a surface enhanced Raman spectroscopy (SERS) sensor (Gezer et al. 2016). A Raman
spectrometer is an instrument that measures bonding vibrations within a sample by counting the
number of photons that undergo Raman/Inelastic scattering. Only a very small fraction of
scattered photons undergo Raman scattering, resulting in very low intensities that are difficult to
accurately measure. Therefore it is necessary to enhance the Raman signal, improving its
intensity to easily measurable levels. The Raman signal becomes enhanced through an increase
in the number of hotspots. A hotspot is a place where the signal from the Raman laser is bounced
around a number of times and becomes highly energized before it is collected by the detector. In
SERS, the increase in hot spots is created by the introduction of a roughened, metal surface. For
solution samples, this means the inclusion of metal nanoparticles and for solid samples this
means a platform with metallic nanostructures on the surface. The latter is where the
biodegradable zein films apply.
Previous work manufactured zein substrates through the simultaneous process of solution
casting to imprint nanostructures and coat in gold, the surface of zein films (Gezer et al. 2016).
The imprinting of nanostructures on the surface was done by the use of a polydimethylsiloxane
(PDMS) intermediate. The PDMS was first imprinted with the inverse of the desired structure by
use of a polystyrene master mold. The PDMS was then cured atop the master mold and coated
with a 200 nm layer of gold using electron beam evaporation. The zein film solution was then
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poured over the gold coated PDMS and solidified by solvent removal. This prior work has shown
that the surface energy between PDMS, zein, and gold favors that gold readily transfers to zein
through this process. (Gezer et al. 2016). Gezer et al. was successful in detecting both the Ara-h1
peanut allergen (2016a) and acrylamide neurotoxin (2016b) using this gold coated zein platform.
While these were relatively successful prototypes, they did not attain the sensitivity goals needed
and left room for improvement.
As stated previously, the key to increasing the sensitivity of a SERS substrate is to
increase the number and intensity of hot spots. One major problem noted in the previous work
was the insufficient replication, or fidelity, of nanostructures. This lack of fidelity causes a
decrease in the number of hot spots through faulted structures as well as an inconsistency in the
signal collected across the biosensor surface. To counteract this hindrance, this paper focuses on
optimization of the zein film preparation method. The previous work used oleic acid plasticizer
in a 1:1 w/w zein ratio to prevent the film from being excessively brittle (Gezer et al. 2016a;
Gezer et al. 2016b) Possible contributions to the decrease in nanostructure fidelity included a
film that may not have the optimal tensile strength and ductility to deliver stable nanostructures
with excellent fidelity. Therefore, this study investigates the use of both oleic acid plasticizer and
glutaraldehyde chemical crosslinking agents to optimize the mechanical properties of the film to
enable optimization of transfer fidelity. The ratios of both additives were varied within the film
matrix. The subsequent films were then analyzed to investigate physical, chemical, and surface
properties to find the best film matrix for a SERS biosensor platform.

2.3
2.3.1

Materials & Methods

Materials
Ethyl Alcohol (140 Proof) was purchased from Decon Laboratories Inc. (King of Prussia,

PA); Zein (Z3625 ) and glutaraldehyde (GDA) ( 25% in water solution ) were obtained from
Sigma-Aldrich (St. Louis, MO); Oleic Acid (OA) ( technical grade 90%) from Alfa Aesar (Ward
Hill, MA); mono-diglyceride emulsifier (BFP 65K 1004200364) from Caravan Ingredients
(Lenexa, KS), and Sylgard (184 Silicone Elastomer Kits) from Dow Corning (Midland, MI).

50
2.3.2

Zein Film Preparation Procedure
Zein film solutions were made by the dissolution of protein in 70% ethanol at a 1:5 w/v

ratio heated to 62°C. After the zein was dispersed, the oleic acid (OA) plasticizer was added. The
ratio of oleic acid varied from 0.8:1 to 1:1 to 1.2:1 (w/w) with zein. A mono/diglyceride
emulsifier was also added along with the plasticizer at a constant 0.05:1 (w/w) ratio with the
plasticizer. The solutions were thoroughly mixed at 62°C for 10 minutes, after which the
solutions were prepared for crosslinking with glutaraldehyde. The ratio of glutaraldehyde to zein
was 0, 4, or 8% (w/w). The mixtures containing 4 or 8% glutaraldehyde were continuously
mixed for 1 hr, after the heated stirring, to cool the solution to room temperature. The
appropriate amount of glutaraldehyde was then quickly poured into the zein solution in either a 4%
or 8% w/w ratio with the protein. The mixture continued to be stirred while the reaction
proceeded. The crosslinking reaction was carried out for 12, 15 or 18 hrs for solutions containing
0.8:1, 1:1 and 1.2:1 oleic acid (w/w zein) ratios respectively. Rheological measurements were
used to determine this marker of crosslinking, as these times (12, 15 and 18 hrs.) corresponded to
where the loss modulus (G’) and the storage modulus (G”) held equal values- giving a tanδ equal
to 1. The cross over point has been adopted in this study as the point where gelation has
progressed enough to begin the formation of an infinite molecular weight network.
All of the crosslinked mixtures were poured into 100 mm polystyrene petri dishes after
reaching their crossover point, while the 0% glutaraldehyde solutions were poured directly after
being stirred for 10 minutes at 62°C. The crosslinked mixtures were poured into similar petri
dishes at the solutions’ crossover points. To keep the film thicknesses consistent, a constant
solution mass of 17.6±0.7 g was poured into each petri dish. This resulted in films with an
average thickness of 0.95±0.20 mm.
These

100mm

diameter

petri

dishes

were

coated

on

the

bottom

with

polydimethylsiloxane (PDMS). In prior work, it has been shown that zein mimics the surface
properties of PDMS (Gezer et al. 2015). The

surface energy between zein and PDMS favors

and facilitates the removal of zein films and the imprinting of microstructures from PDMS onto
zein films (Gezer et al. 2016). The latter is done using soft lithography. This technique involves
the transfer of microstructures from a master mold to the final product through PDMS as the
intermediate material. The master mold in this study was created on a photocured polyethylene
plastic with an inverted micropyramid structure, provided by Prof. Logan Liu from the
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University of Illinois. This particular microstructure was used because earlier studies have
shown that this shape generated the highest SERS enhancement when compared to nanopillars
and nanodomes (Gezer et al. 2016). The inverted micropyramids were 2μm x 2μm x 2.1μm,
with no space between them. PDMS was cured atop the PET master mold and imprinted with the
reverse of the original structures (aka positive micropyramids). The PDMS was made by
combining the base and curing solutions in a 10:1 volume ratio from the elastomer kit (Sylgard
kit from Dow Corning). After vigorous stirring of the elastomer mixture by hand, the solution
was placed under vacuum (10 in Hg) to remove trapped air bubbles. The liquid elastomer was
then poured over either the PET master mold or the bottom of a petri dish. The former PDMS
was used as an intermediate for the transfer of the inverted pyramidal microstructures onto zein
films and was used in evaluating their fidelity. The PDMS poured on the bottom of petri dishes
was used for surface, chemical, and physical characterizations. The PDMS was left at room
temperature for 3 days to cure (Gezer et al 2016).
For the soft lithography process (Figure 14), the PDMS was then removed from the PET mold
and placed in a small petri dish (60mm in diameter) for zein film formation. In the end, the soft
lithography process produces a zein film with the same structures as the PET master mold
(inverted pyramids). All zein solutions were placed in desiccators to remove free water and
ethanol, creating protein films. It must be noted that in evaluating the fidelity of the
nanostructures the step of gold deposition has been skipped. The non-gold coated zein films give
us enough insights to optimize the formulation for optimal fidelity. To confirm the removal of
water and ethanol solvents from the films during drying, both weighing (
Figure 15.) and indentation (Figure 16) experiments were performed. For the weighing
experiments, a group of 3 films from each formulation was weighed every day over a period of 2
weeks. The films were weighed until they reached equilibrium, which was defined as having a
decrease of 0.30g or smaller over a period of 3 days corresponding to 2% of the total weight of
each film within experimental error. For this experiment the zein solutions were poured into
petri dishes with a 60mm diameter and a PDMS bottom. Although these films were smaller than
the ones used for the characterization techniques, they still took within a 2 week time period to
be completely solvent free. A mass balance was also done for every petri dish to determine
relationship between the change in petri dish weight and the remaining weight of solvent within
each sample as a function of time. Once each film reached its equilibrated weight, the weight
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loss during the experiment was compared to that of the calculated mass balance. All of the petri
dishes were within 1% weight change compared to the calculated mass balance Table 4.

Figure 14. Schematic of the soft lithography process (Gezer et al. 2016): a) PDMS template with
positive micropyramidal topography; b) PDMS mold after gold coating with e-beam evaporation;
c to d) gold transfer through solvent casting of zein protein film on top of the gold coated PDMS
mold .

Figure 15. Monitoring the weight of zein films over time to achieve uniform residual solvent.
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Table 4. Results of mass balance during drying for zein films.
Glutaraldehyde
Concentration
(w/w zein)
0%

4%

8%

2.3.3

Oleic Acid
Concentration
(w/w zein)
0.8:1
1:1
1.2:1
0.8:1
1:1
1.2:1
0.8:1
1:1
1.2:1

Solvent
Weight %
Calculated
70.4 %
68.3 %
66.2 %
70.7 %
68.4 %
66.4 %
70.7 %
68.5 %
66.7 %

Solvent
Weight %
Measured
70.4 ± 0.4 %
68.0 ± 0.2 %
66.4 ± 0.1 %
71.2 ± 1.0 %
67.8 ± 0.5 %
66.5 ± 0.1 %
70.6 ± 0.2 %
68.0 ± 0.4 %
66.4 ± 0.1 %

% Difference

0.03 %
0.46 %
0.22 %
0.77 %
0.80 %
0.12 %
0.04 %
0.73 %
0.43 %

Rheological Measurements to Characterize Crosslinking
Rheological measurements were conducted using the parallel plate geometry with a 40

mm cross-hatched plate to avoid slip. The zein solutions were prepared as stated previously.
After the solution was made, it was poured into a 250 ml glass bottle with a cap. The bottle was
closed tightly to ensure no loss of ethanol. The solution was again brought down to room
temperature, prior to the addition of GDA. The point at which the crosslinker was added to the
solutions and they reached room temperature was denoted the 0 hr point for crosslinking
purposes. The solutions were kept tightly sealed within the capped bottles for the entirety of the
experiment, aside from when samples were rapidly taken. The entirety of the crosslinking
experiment was done at room temperature, and all formulations were continuously stirred with a
1 in stir bar at 600 rpm.
Both the storage and loss moduli ( G’ and G”) were measured as a function of frequency
in the range of 1-100 rad/sec at a strain of 10% where the low viscosity fluids were shown to be
in the linear region and 1% where the gels were shown to be in the linear region. The zein gels
became rapidly non-linear above these strain levels because the gels were progressively stiffer
and the torque values were also above the minimum torque specifications. This distinction was
determined based up on the linear region demonstrated by a strain sweep taken from 0.1% to 100%
strain. All measurements were conducted with a TA Instruments Discovery HR-3 Hybrid
Rheometer and a solvent trap containing 70% ethanol to avoid drying during measurements.
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Both the amplitude and frequency sweeps were procured in triplicate every 12 hours until the G’
values reached equilibrium, defined as not changing over a period of 12 hours.
The final storage modulus values (°˜ ) were then used to determine the total number of
network junctions (  ) in the various formulations. These formulations gel as a result of
aggregation coupled with chemical crosslinking by GDA. At 0% GDA all junctions are due to
aggregation, while the introduction of GDA yields the inclusion of chemical crosslinking. Using
the rubber elasticity theory, the molecular weight between all network junctions (

 ),

including

both aggregation interactions and chemical crosslinks, is estimated using equation (5); where  is
the solution density (g/cm3), c is the concentration of zein within the sample (g/cm3), R is the gas
constant (8314000 cm3.Pa/mol.K), T is absolute temperature (298 K), and °˜ is the storage
modulus of the sample.
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The total number of network junctions ( ) is then estimated using Equation 6, where

'

is the

molecular weight of zein (22 kDa):
 
The



'

(



(2)

is multiplied by 2 because each network junction will connect two zein molecules. In

this experiment,  of the 0% GDA formulations represents the number of network junctions
only responsible due to aggregation. The  for the 4% and 8% GDA formulations embody the
total number of network junctions from the combined mechanisms of aggregation as well as
crosslinking with GDA.
2.3.4

Characterization of the Physical and Chemical Properties of Zein Films

2.3.4.1 Vicker’s Hardness Indentation
The mechanical properties of the films were first tested using a Vicker’s hardness
indenter. This method was used to establish the effectiveness and the outcome of the drying
process (Figure 16). The results mirrored those of the weighing experiments. The hardness
values of the equilibrated films were analyzed to establish the overall hardness of the films. The
equilibrated indentation areas for each formulation were converted to Vicker’s hardness values
(Equation 7) and compared to determine differences. Vicker’s hardness is defined as the force (F)
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divided by the surface area of the indentation (S), which is equivalent to 2 times the sine of the
half the angle between the opposite faces at the vertex of the indenter (Figure 17).
/
* (*,-. (
*
)˘  
 1234567 8 !
!
+
0
0

(3)

The Vicker’s hardness diamond indenter was used for these tests, and therefore the equation can
be further simplified- as the angel between the two faces was 136°. In the final form of the
equation (Equation 7), F refers to the load given in gram force (gf) and d2 refers to the area of the
indentation. A load size of 10 gf was used for all hardness indentation.

Figure 16. Zein film indentation area over time.
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Figure 17. Vicker’s hardness diamond indenter schematic.

2.3.4.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) images were taken to determine the quality of the
imprinted nanostructures on a Nova NanoSEM 200. For this technique, the nanoimprinted films
that underwent soft lithography were imaged. Once the films were dried, they were cut from the
PDMS molds, and attached to 1 in. SEM stubs with double sided carbon tape. The samples were
then coated with a platinum/palladium mixture for 60 s with a Cressington 208 HR sputter coater.
The films were imaged with a spot size setting of 3.0, an accelerating voltage of 5.0 kV, and a
working distance of 5.7 mm. The images were examined for differences in micro pattern fidelity.
2.3.4.3 Fourier Transform Infrared (FTIR) and Fourier Transform (FT)- Raman Spectroscopies
The Fourier Transform Infrared (FTIR) spectroscopy and FT-Raman data were collected
to determine chemical changes in the films due to plasticization and crosslinking. The FTIR
spectra were collected by a Thermo Nicolet Nexus FTIR with a mercury cadmium telluride
(MCT) detector and a Potassium Bromide (KBr) beam splitter. The spectra were collected from
800-4500 cm-1 from 500 line scans. These spectra were compared between formulations through
the determination of peak creation and depletion as well as peak shifts and changes in intensity.
On the other hand, the FT-Raman spectra were not examined for changes in peak intensity.
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These spectra were collected with a coupled Thermo Nicolet 6700 FTIR/FT-Raman
Spectrophotometer. A 1064 nm laser was used with an InGaAs detector, a KBr beam splitter, and
a spectrum range of 400-3600 cm-1.

The low laser energy makes the FT-Raman spectra

intensities unreliable when comparing spectra collected between days. Therefore, only the
creation and depletion of peaks along with peak shifts were investigated for this data. Baseline
correction was applied for each spectrum by the OMNIC software, and further correction was
made manually during the investigation of specific peaks.
Secondary structure changes were also investigated using FTIR. The analysis was
performed through a comparison of the Amide I band (1600-1700 cm-1). This peak underwent a
Fourier self-deconvolution with OMNIC software. The peaks were then assigned a Gaussian
shape with a constant base line and a full width half height of 3.857 cm-1. The deconvoluted
peaks were then assigned to a secondary structure based on their location and history in the
literature (Table 5). Some of these studies include a 310 helical structure, which is an additional
helix on the N or C terminus of the protein molecule. It is a very short structure, usually
containing 4 or fewer residues, and is favorable when connecting two β strands (Barlow and
Thornton 1988). The area of each peak found during the deconvolution was then converted to a
percent of its respective secondary structure and compared between all formulations.
Table 5. Review of Amide I band deconvoluted peaks analyzed for protein secondary structure.
Source
Beta Sheet

(Byler and Susi 1986)
1624±4
1631±3
1637±3
1675±4

Random Coil
310 Helix
Alpha Helix
Beta Turn

1645±4
1663±4
N/A
1654±3
1663±4
1670±2
1683±2
1688±2
1694±2

(Xie and Tsou 1993) (Kong and Yu 2007)
1621±2
1624±1
1628±1
1627±2
1633±1
1633±2
1638±2
1642±1
1672±0
1691±2
1696±2
1644±1
1648±2
1657±2
1639±1
1663±3
1650±1
1656±2
1661±0
1665±1
1667±1
1675±1
1680±1
1680±2
1688±1
1685±2
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2.3.4.4 Water Contact Angle Measurements
The change in hydrophobicity/hydrophilicity of the films with different formulations was
determined through static water contact angle measurements using an Attension Theta Auto 1
Optical Tensiometer. A piece was cut from 3 different films of each formulation and flipped so
that the PDMS contact side was directly measured. A constant droplet size of 2 μl was used. All
contact angle measurements were collected after 30s and analyzed using a manual baseline. The
measurements for each film were conducted in triplicate.
2.3.4.5 Colorimetry
Colorimeter data was collected to determine the change in color, as well as transparency,
of the films with crosslinking. It was hypothesized that a change in color and transparency could
act as markers of degree of crosslinking. The 0.125 in aperture was used on the HunterLab
LabScan XE spectrophotometer. A small piece of each film was cut and placed directly over the
aperture. The white standard tile was then placed on top of the film to both hold it in place and
provide a uniform background to counteract any variance due to transparency. The L*a*b*
numbers were collected in triplicate, and all measurements were taken with a white standard tile
as a background.
2.3.4.6 Statistics
All statistics were run using MiniTab 17 statistical program. The data was compared with
a one-way ANOVA (ANV) at a 95% confidence level. A Tukey’s pairwise comparison was also
performed with a 95% confidence coefficient. The statistics were run in groups based on oleic
acid concentration, and then all formulations with 0% GDA- unless otherwise stated. The
grouping letters for each OA concentration were as follows: 0.8 OA, letters a-c; 1.0 OA, letters
g-i; 1.2 OA, letters u-w. The grouping for the formulations at 0% GDA, with varying plasticizer
content, used the letters x-z.
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2.4
2.4.1

Results & Discussion

Vicker’s hardness of zein film formulations

Each of the films underwent indentation to determine the state of the drying process. The
equilibrated indents varied based upon formulation due to different levels of plasticizer and
crosslinking agent. As seen in Figure 18, an increase in GDA concentration caused a decrease in
the Vicker’s hardness (VH) value. An increase in glutaraldehyde concentration did not
necessarily increase the hardness of the film, but instead increased the elasticity of the films.
The statistics showed that there was no difference between the 4% and 8% GDA addition at any
level of plasticizer. However, all of the crosslinked films were statistically different from their
non-crosslinked counterparts- except for the 4% GDA, 1.0 OA film. For this formulation, the VH
was equivalent to that of the 0% GDA film as opposed to the 8% GDA film. This change in
measurements could be due to the low degree of crosslinking. The 4% GDA could be forming
aggregates of crosslinked zein that did not have enough time or crosslinker to from an infinite
molecular weight network with 1.0 OA. This response would cause the larger deviation observed
between indents as well as be the reason for the overall average showing a larger VH value than
what is needed to complete the trend from 0 to 8% GDA.

Figure 18. Vicker’s hardness of zein film formulations.
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In terms of the 0% GDA samples with varying OA content, as the OA concentration
increased, the VH decreased. Statistics showed a clear relationship between all of these noncrosslinked values with a 95% confidence interval (Figure 18). Therefore, these values were
further investigated for the possibility of creating a predictive method for VH with OA
concentration. When plotted, this relationship becomes perfectly linear- giving a trend line with
an R2 of 1(Figure 19). Therefore, this trend line should be able to predict the VH of any noncrosslinked zein films with a varying OA concentration.

Figure 19. Correlation between hardness and OA concentration for non-crosslinked zein films.
2.4.2

Rheology of zein solution gelation
The rheological measurements followed the behavior expected during gelation (Winter

and Chambon 1986). Overall both G’ and G” increased with time for both measurements at
constant strain in the linear region and measurements at constant frequency, indicating an
increase in the solid like behavior of the material. Initially G” was considerably larger than G’,
but as gelation time increased, G’ crossed G” and became considerably larger- indicating
structure development and gelation. The strain amplitude sweeps showed a decrease in the
length of the linear region with gelation time (Figure 20), while the frequency sweeps began to
show a decrease in the slope of G’ vs. frequency (Figure 21). All other formulation frequency
and amplitude sweeps are given in Appendix A. To compare the formulations, the average G’
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values at 10 rad/s from each frequency sweep was plotted as a function of time (Figure 22). All
the formulations show an increase in G’ with time and come to an equilibrium plateau G’ at the
end of the experiment. When log G’ values are plotted vs time, G’ appears to reach the same
value for all formulations. However, these final gelation points do show some differences (Table
6). At 0% GDA, a large decrease in G’ is displayed with an increase in OA concentration. The
plasticization of the OA lubricates and separates the zein molecules, making the softer gels. On
the other hand, the GDA creates a network that holds zein molecules together producing a firmer
gel. For both the 1.0 and 1.2 OA concentrations the addition of GDA increased the storage
modulus, because the network was more crosslinked and made the gel more solid-like compared
to the uncrosslinked formulations. The 0.8 OA gels did not show any differences with and
without the crosslinker. The decrease in OA content increased the solid like characteristics and
made the 0% GDA gel behave more like its crosslinked counterparts as opposed to the other
uncrosslinked gels. This behavior is further confirmed by the calculated number of junctions per
zein molecule for each formulation ( ) (Table 6). The  values are highest for the 0.8 OA gels,
while the 1.0 and 1.2 OA gels showed slightly lower number of junctions- coinciding with the G’
values. The  values for the 0% OA films are very close to their crosslinked counterparts. This
trend shows that aggregation plays a very large role in the gelation of these formulations. Overall,
these numbers are very low and explain the very soft gel that was obtained with these zein
formulations. In fact in most cases the number of junctions were as low as 10 per 1000 molecules
of zein.
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Figure 20. Amplitude sweeps of 0.8 OA gels at: a) 0% GDA, b) 4% GDA, and c) 8% GDA.

Figure 21. Frequency sweeps of 0.8 OA zein gels at: a) 0% GDA, b) 4% GDA, and c) 8% GDA.
The gelation time for each formulation also varied, yet they showed no real trend (Table
6). Although the stirring was kept at a constant speed and the initial volume of ethanol and zein
was kept the same- the overall volume varied because of different OA and GDA contents.
Therefore, the intensity and the network disruption during stirring could have varied somewhat
based upon this change in volume. Another possible reason why there is no trend for gelation
time may be due to the amount of volume taken for sampling. As the solution gelled, the aliquots
taken to be used in the rheometer, increased in size to ensure proper loading of the sample under
the plate geometry. Since the same stock solution was used for sampling at all time points, the
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overall volume was changing while the stirring speed remained the same causing possibly more
network breakdown during gelation and may be the reason for the slight decrease between the
last two G’ values for various formulations as well.

Figure 22. Storage modulus (G’) for zein gel formulations over time at 10 rad/s.
Table 6. Estimation of the total number of junctions ( ) created by covalent chemical
crosslinking and protein aggregation.
OA
(w/w zein)

0.8

1.0

1.2

GDA
(w/w zein)

Gelation
time (hr)

Final G’ (Pa)

0%

36

1040 ± 147ax

1.59E+06


(per zein
molecule)
0.007

4%

48

1413 ± 222a

4.46E+06

0.009

8%

72

1245 ± 182a

8.15E+06

0.008

0%

72

889 ± 120gxy

2.04E+06

0.005

4%

60

1266 ± 168h

4.85E+06

0.008

8%

60

1250 ± 180h

5.07E+06

0.008

0%

36

639 ± 105uy

3.07E+06

0.004

4%

48

1180 ± 169v

3.65E+06

0.007

8%

60

1101 ± 161v

4.23E+06

0.006



(Da)
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The frequency sweeps were further analyzed for indications of gelation through the
changing slopes of the G’ vs. frequency data. As the solution gelled, the slope of the log G’ vs.
frequency values began to decrease and level off. This slope is an indicator of degree of gelation
as a function of time. The calculated slopes showed a coefficient of determination (R2) which
increased with the degree of gelation (Table 7). All of the calculations and measurements
collected with the rheological experiments show that the zein is being slightly crosslinked by
GDA as well as undergoing protein aggregation.
Table 7. Change in frequency sweep slope of gelling zein crosslinked solution over time.
OA
(W/W
zein)
0.8

1.0

1.2

2.4.3

GDA
(W/W
zein)
0%
4%
8%
0%
4%
8%
0%
4%
8%

0 hr
1.198
1.016
1.202
0.730
0.892
0.940
0.950
0.869
0.735

Slope of G’ Frequency Sweep (PA/HR)
12 hr
24 hr
36 hr
48 hr
60 hr
72 hr
0.861
0.722
1.367
1.205
1.019
0.657
0.762
0.629
0.453

0.215
0.146
0.222
0.308
0.173
0.090
0.224
0.192
0.136

0.119
0.123
0.167
0.178
0.147
0.139
0.166
0.122
0.149

0.090
0.100
0.100
0.128
0.097
0.095
0.101
0.084
0.098

0.093
0.099
0.096
0.093
0.097

0.091
0.090
0.081
0.087

84 hr

0.085

0.085
0.091

Crosslinking Mechanism

2.4.3.1 Spectroscopic Analyses
The FT-Raman spectra were analyzed alongside the FTIR data to help determine the
crosslinking mechanism. (The baseline corrected full spectral data are located in Appendix B).
For the FT-Raman, the only noticeable difference was the presence of a peak at 880 cm -1 (Figure
23). This peak is an indication of the hydrogen bonding present on the indole group of the
tryptophan amino acid, aka the W17 peak. Tryptophan is not an abundant amino acid in the zein
protein. In fact, it is often left off entirely when calculating the amino acid distribution. When
tryptophan is detected, the percentage is so small that it can only amount to one or two building
blocks within the entire protein structure (Matthews et al. 2011; Hynd et al. 2014). Based upon
the structure of tryptophan (Figure 24), this amino acid could be involved within the structure
through bonds formed with other amino acids within the zein structure at both the carboxylic
acid and primary amine groups. This kind of intramolecular bonding would leave the indole
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group as an extended arm facing away from the protein. The indole ring would then be free to be
involved in the formation of hydrogen bonds.

Figure 23. FT-Raman peak at 880 cm-1.

Figure 24. Tryptophan and Glutamine amino acid structures.
The peak at 880 cm-1 is present in the FT-Raman spectra for some formulations and
absent in others. This peak is strong in all formulations with a 0.8 OA concentration, as well as
the 4 and 8% GDA films at 1.0 OA. The uncrosslinked 1.0 OA film does have this W17 peak,
although it is not as prominent as the previous formulations. The 1.2 OA films at all GDA
concentrations do not have this peak. This kind of trend demonstrates that the indole ring is more
than likely involved in zein-zein networking. This indole hydrogen bonding for tryptophan
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appears to only occur when the zein molecules are brought close together. The GDA pulls the
zein molecules closer together to enable the tryptophan driven hydrogen bonding, while the
plasticizer generates mobility and can be considered as facilitating pushing zein molecules apart
and preventing this tryptophan driven hydrogen bonding from occurring. At 1.2 OA the
plasticizer is able to overcome the effects of the GDA- possibly through swelling, but at both 1.0
and 0.8 OA the GDA is able to bring the molecules close enough together to allow for the
tryptophan driven hydrogen bonding to occur. Without GDA, the 1.0 OA ratio allowed for some
interactions, but on a smaller scale than that of the 0.8 OA- leading to the near disappearance of
the peak as observed in Figure 23.
The FTIR peaks at 1540 cm-1 and 1080 cm-1 correspond to the various vibrational modes
related to amine groups. The former is also known as the Amide II peak, representing the N-H
bending of the amine molecules in an amide bond (Lin-Vien et al. 1991), while the 1080 cm-1
peak changes with the intensity of the N-H stretch on primary amines (Larkin, 2011). As seen in
Figure 25, the 1540 cm-1 peak height significantly decreases with the addition of GDA. Although
no difference was found between the 4% and 8% GDA concentrations, the initial decrease with
the crosslinker addition was observed across all OA ratios. There is also a slight decrease in the
height of the 1540 cm-1 peak with an increase in OA ratio when no GDA is present. This change
could be due to the slight decrease in the zein concentration with the increase in plasticizer
content. The consistency in the peak height from 1.0 to 1.2 OA concentrations would then be due
to the phase separation of the oil on top of the 1.2 OA films. There is a consistent drop of 0.03
abs in the 1540 cm-1 peak height from 0% to 4/8% GDA for both the 0.8 and 1.0 OA films. The
1.2 OA films show a smaller difference, having a peak height drop of only 0.015 abs. These
trends show that the crosslinking is causing a decrease in the number of free amine groups on
amide molecules. These particular sites are also more susceptible to the crosslinking reaction
with the lower OA ratios because the lower OA ratios do not keep zein molecules as far apart
from one another as in the case of the higher (1.2) OA ratio.
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Figure 25. Height of FTIR peak at 1540 cm-1.
The area of the 1080 cm-1 peak (Figure 26), indicative of the N-H stretch on primary
amines (Larkin, 2011), shows a similar trend to that of the 1540 cm -1 peak. For both the 0.8 OA
and the 1.2 OA formulations, the addition of glutaraldehyde causes a decrease in the peak area.
There was again no difference found between the 4% and 8% GDA ratios for these 2 OA
concentrations. However, the 1.0 OA films showed a significantly steady decrease from 0 to 4 to
8% GDA. The 0% GDA films showed no difference between OA ratios. Together these trends
prove that the crosslinking reaction involves all amine groups and not just those in an amide
bond, shown by the 1540 cm-1 peak. At an OA concentration of 0.8, the GDA reacts with all
possible amines. Therefore, there is no change in the 1080 cm-1 peak with the increase to 8%
GDA. Good crosslinking occurs at 4% GDA for the 1.2 OA films as well, but the overall areas
for the 1080 cm-1 are higher because of the large amount of plasticizer. At 1.2 OA, there is so
much OA that the proteins are pushed too far apart and cannot crosslink effectively. At the 1.0
OA concentration, there is a better balance of OA and GDA than the other formulations.
Therefore, there is a steady decline in the 1080 cm-1 peak area for 1.0 OA films. At 1.0 OA and
4% GDA, the plasticizer has a stronger effect, while adding 8% GDA allows for the crosslinker
taking full effect- causing a further decrease in the 1080 cm-1 peak area.
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Figure 26. Area of FTIR peak at 1080 cm-1.
The final peak change observed in the FTIR spectra is the emergence of 970 cm-1 peak,
representing the C-O-C out of phase ring vibrations. This peak is not present within the noncrosslinked formulations, but appears and increases with increasing concentration of crosslinker
(Figure 27). Glutaraldehyde is kept in a diluted solution with water as the solvent. In this state,
the molecule can form many different isomers as well as crosslink with itself forming an
oligomer. The hemiacetal structure was reported to form these oligomers within zein solutions by
Sessa, Mohamed, and Byars (2008). The 970 cm-1 peak height also increases with plasticizer
content. The peak height is the same for all 4% GDA films, but at 8% GDA the 1.2 OA film is
much higher than its 1.0 and 0.8 OA counterparts. Together these trends show that this particular
peak represents a crosslinking of glutaraldehyde with itself as opposed to an interaction with the
protein.
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Figure 27. Height of FTIR peak at 970 cm-1.
2.4.3.2 Mechanism for the gelation and film formation of oleic acid plasticized zein at room
temperature.
Altogether, the gelation and network formation of zein protein in ethanol with GDA
involves the crosslinker aldehydes reacting with the protein amine groups. The simultaneous
decrease of the 1540 and the 1080 cm-1 FTIR peaks show that the glutaraldehyde reaction
reduces the total number of amines within the film structure. When reacted with aldehydes,
amines transform into imines (the -C=N- bond) and produce water as a byproduct. This reaction
is a common mechanism for protein polymerization through crosslinking with aldehyde
crosslinkers (Das and Pal 2015). Sessa et al. (2008) also hypothesized this kind of a reaction with
zein and glutaraldehyde in acetic acid.
The polymerization through the imine bonding mechanism is responsible for the increase
in the G’ values for the crosslinked gel formulations. Consistent with the behavior of the 1540
and 1080 cm-1 peak trends, the presence of GDA in the 1.0 and 1.2 OA formulations showed a
significant difference in the gelation and increase in G’ vs. time compared to the 0% GDA
formulations. However, the 4% and 8% GDA formulations showed no difference in G’ vs. time
when compared to the 0% GDA at 0.8 OA. In the absence of crosslinker, the 0% GDA
formulations showed considerable gelation that is attributed to protein aggregation through
hydrophobic interactions and some hydrogen bonding. The hydrophobic interactions are possibly
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through the hydrophobic amino acids whose aliphatic R groups are sticking out of the elliptic
capsules proposed by Argos et al (1982). At 0.8 OA, there may not be enough OA to interfere
with the aggregation of the zein molecules even at 0% crosslinker. The degree of aggregation is
further demonstrated by the increase in the  values (Table 6) for the 0% OA films, as they
trend inversely with the plasticizer content and are an indication of the amount of aggregation
present in the zein gels.
The 880 cm-1 FT-Raman peak, which is specific to the tryptophan amino acid, could also
be a marker for the higher degree of aggregation present in the 0.8 and 1.0 OA formulations.
This peak shows the additional hydrogen bonding within the zein biopolymer. Tryptophan is
usually amassed in the hydrophobic core structure (Barnes and Gray 2003), since its large
aromatic side chain makes it an undesirable candidate for the α-helical secondary structure
(“Protein Structure” 2013). As the OA content increases, so does the hydrophobicity of the zein
molecular environment. At 1.2 OA, the plasticizer lubricates the zein molecules to a point where
the tryptophan hydrogen bonding can no longer contribute to the protein aggregation. The G’
values for the 0% GDA gels correlated with these interactions, decreasing with an increase in
plasticizer content.
Based on the zein structure, the glutaraldehyde bonding sites and tryptophan are in
different places on the zein molecule. The plasticizer is more than likely layering between the
hydrophobic helices since the aliphatic tail of the plasticizer is highly hydrophobic and would be
attracted to the hydrophobic groups on the aliphatic amino acids in the zein molecule (Wang,
Geil, and Padua 2004). The protein aggregation may also be partly driven by hydrophobic
interactions, as the OA content did have an effect on the  aggregation values at 0% GDA
(Table 6). However, the protein aggregation can also be driven by hydrogen bonding, as
demonstrated by the tryptophan peak at 880 cm-1 especially at room temperature and low oleic
acid concentrations. If the protein and OA interactions do occur along the hydrophobic helices,
this arrangement would leave the polar glutamine turns open for reacting with GDA. Glutamine
has both a primary amine and an amide group that would be involved in the crosslinking reaction
(Figure 24). In conclusion the networking formation process has been shown to consist of both
hydrogen binding and hydrophobic interactions mediated by the amount of plasticizer and the
covalent crosslinking generated by the GDA molecules (Figure 28).
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Figure 28. Zein film and gel molecular interactions: zein aggregation (LHS); zein-OA
interactions through hydrophobic interactions (RHS); zein-GDA crosslinking (middle); GDAGDA oligomerization (bottom).
2.4.4

Scanning Electron Microscopy
The images collected by SEM showed that the plasticizer and the crosslinker play a

competing role (Figure 29). The oleic acid films without crosslinking (Figure 29a, d, g) show a
decrease in the number of defects with the midrange ratio of 1:1 (w/w) zein to plasticizer (Figure
29d). Both the 0.8:1 OA and the 1.2:1 OA films without crosslinking have a higher number of
defects, but the characteristics of the defects are different. The low concentration of plasticizer
appears to result in a film with greater adhesion to the PDMS, causing a kind of pulling fault.
This defect causes a distortion in the inverse pyramidal structures that may decrease the number
of hot spots due to irregularity of the inverted pyramidal tips and a large flaw in uniformity. On
the other hand, the high ratio of plasticizer caused a convergence of structures due to the larger
mobility with increasing plasticizer content. These defects in the inverted structure would disrupt
the Raman signal intensity enhancement that would be gained with the utilization of the gold
coated nanostructures.
The crosslinking concentration also had an effect on the fidelity of the nanostructures. At
4% glutaraldehyde concentrations (Figure 29b, e, h), the number of faults drastically decreased
for the 0.8 and 1.0 OA films, while the 1.2 OA film showed no difference from the 0% GDA.
On the other hand, a similar disconnect was observed between OA concentrations with the 8%
GDA as well. A large number of faults were again visible for the 0.8 and 1.0 OA films, while the
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1.2 OA with 8% GDA was the best film at the 1.2 plasticizer concentration. Both of the
crosslinked 1.2 OA films showed a large amount of oil on the surface of the SEM samples due to
phase separation. This change in surface chemistry made the samples very hard to coat with
platinum and palladium and should prove to be a further complication with the adhesion of gold.

Figure 29. SEM images of inverted pyramidal nanostructures with various film formulations: a)
0.8:1 OA, 0% CL; b)0.8:1 OA, 4%; CL; c) 0.8:1 OA, 8% CL; d) 1:1 OA, 0% CL; e) 1:1 OA, 4%
CL; f) 1:1 OA, 8% CL; g) 1.2:1 OA, 0% CL; h) 1.2:1 OA, 4% CL; i) 1.2:1 OA, 8% CL.
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2.4.5

Determination of zein secondary protein structure in films using FTIR data
The Amide I band of each formulation’s FTIR spectrum was analyzed to determine

changes in the zein protein’s secondary structure. The deconvolution of this peak yielded
between 5 and 6 peaks for each formulation (Table 8). Based on the central wavenumber of each
peak, the band was assigned to one of 3 secondary structures: β-sheet, α-helix, or β-turn. Peak 2
was the peak that was present in some spectra, while absent in others. This peak arose due to a
splitting of peak 3. The total area for each of the bands was added based upon its secondary
structure assignment and converted to percent of secondary structure by dividing the area of the
bands by the total area underneath the Amide I peak.

Table 8. Deconvoluted Amide I peak band assignments
Formulation
Assignment
Peak Number
0.8 OA, 0%
GDA
0.8 OA, 4%
GDA
0.8 OA, 8%
GDA
1.0 OA, 0%
GDA
1.0 OA, 4%
GDA
1.0 OA, 8%
GDA
1.2 OA, 0%
GDA
1.2 OA, 4%
GDA
1.2 OA, 8%
GDA

1
1608±2.6

β-sheet
2
1623±1.6

Peak Center (cm-1)
α-helix
3
4
1636±1.5
1653±0.4

5
1673±0.8

6
1689±3.4

1610±0.2

1626±0.8

1638±0.5

1653±0.3

1674±0.6

1688±0.9

1610±0.3

1625±0.9

1636±0.3

1653±0.2

1672±1.7

1686±0.9

1610±0.2

1624±1.1

1635±3.7

1653±0.7

1673±1.2

1690±3.5

1610±0.1

1626±0.0

1631±2.6

1654±0.2

1674±0.5

1686±1.5

1610±0.2

1627±0.2

1633±4.9

1655±0.4

1674±0.2

1687±0.6

1610±0.3

1626±1.2

1632±4.3

1653±0.3

1675±1.3

1688±5.5

1611±0.3

1628±0.5

1638±7.0

1656±2.2

1674±0.9

1687±2.1

1610±0.4

N/A

1630±0.4

1654±0.3

1674±1.9

1686±3.6

β-turn

The β-sheet structure appears to have a direct relationship with plasticizer content (Figure
30). Although no statistical difference was found between GDA concentrations for the 0.8 and
1.2 OA films, the 1.0 OA films showed a significant increase in β-sheet content with 8% GDA.
Since no change was seen with the 0.8 OA films with the addition of GDA, this change at 1.0
OA with 8% GDA is more than likely due to the additional water added along with the GDA
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than the actual crosslinker. Water better interacts with the zein β-sheet secondary structure and
further plasticizes the film. The GDA was a 25% solution, and no water was added to the 0 and 4%
GDA formulations to counteract any possible effects observed with 8% GDA solution, as in
order to add more glutaraldehyde it is necessary to add more water which accompanies the
glutaraldehyde in the 25% glutaraldehyde solution. Although not soluble in water, zein is well
known to be plasticized by water (Kokini et al. 1994). Therefore, the 1.0 OA formulation along
with the GDA at 8% increased the plasticization to mimic the 1.2 OA films rather than the 1.0
OA films. The ANOVA further supports this explanation, showing that the 0.8 and 1.0 OA films
with 0% GDA were significantly different than their 1.2 OA counterpart.
The α-helix structure showed a very different trend with formulation (Figure 31). A
significant increase was found between the crosslinked films and the non-crosslinked film for
both 0.8 and 1.0 OA films. The 0.8 OA films showed a progressive increase in α-helix content
with GDA, while the 1.0 OA films showed a significant increase when 0% is compared with
both the 4% and 8% GDA films. On the other hand, the 1.2 OA films showed no statistical
difference with GDA content, presumably due to the large amount of plasticizer present. For the
0% GDA films, the α-helical content displayed an inverse relationship with plasticizer content.
The 1.2 and 1.0 OA films showed about the same fraction of α-helical content, while the 0.8 OA
films showed a significant increase. These indirect trends in alpha α-helical content with OA
content as well as the direct relationship with GDA are due to changes in the hydrophobic
environment caused by changes in OA and GDA content. The α-helical secondary structure is
known to be very ordered. The crosslinker promotes interactions between the protein molecules,
while the plasticizer counteracts these interactions giving us the varying trends with the
competing additives observed in Figure 31.
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Figure 30. Change in β-sheet secondary structure of zein with film formulation variation.

The β-turn structure is a relatively disordered structure compared to α-helical structure.
There was a significant decrease in β-turn content with an increase in GDA concentration for the
1.0 OA films, but no difference was seen between the crosslinked and non-crosslinked films for
both 0.8 and 1.2 OA presumably because the β-turns are not involved in the crosslinking process
(Figure 32). There was also a random trend observed for the 0% GDA films with varying
plasticizer content. The 1.0 OA films showed the highest β-turn content, while the 1.2 OA
showed the lowest- leaving the 0.8 OA formulation in the middle. These results may be due to
the interference of the carboxylic acid C=O bond vibrations of oleic acid peak near 1700 cm -1
(Lin-Vien et al. 1991). Although this peak was not considered in the determination of secondary
structures, its low-end tail may have affected the overall shape of the Amide I band and caused
some changes in the higher wavenumber peaks.
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Figure 31. Change in α-helical secondary structure of zein with film formulation variation.
On average, the film formulations showed a zein structure of approximately 40% β- sheet,
32% α-helix, and 28% β-turn (Table 9). In comparison Chen, Ye, and Liu (2014) reported the
secondary structure distribution to be 21% α-helix, 54% β- sheet, 25% β-turn. The results in this
study are pretty consistent with the estimates of Chen, Ye, and Liu (2014) considering that the
films discussed in this thesis contain both OA and GDA while this study did not. This divide
between structures is consistent with the structure suggested by Matsushima et al. (1997) where
they showed that hydrophobic amino acids present in the β-sheet and α-helical conformations are
intermittently connected by glutamine turns. The increase in β-sheet structure with an increase in
plasticizer content is a response to the interference caused by the plasticizer, while the increase in
α-helical content with crosslinking is due to the increase in order from crosslinking. The β-turn
structure showed a decrease with GDA due to an increase in order, but also gave varying trends
due to the counteracting action of OA detected through the 1700 cm-1 peak near the Amide I
band.
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Figure 32. Change in β-turn zein secondary structure with film formulation variation.

Table 9. Secondary structure content of zein films.
Formulation

2.4.6

% β-sheets ANV

% α-helix

ANV

% β-turn

ANV

0.8 OA, 0% GDA

38±2%

a, x

33±4%

a, x

28±6%

a, xy

0.8 OA, 4% GDA

37±0%

a

36±1%

ab

27±2%

A

0.8 OA, 8% GDA

38±1%

a

37±4%

b

25±5%

A

1.0 OA, 0% GDA

38±1%

g, x

29±1%

g, y

33±1%

g, x

1.0 OA, 4% GDA

39±0%

g

33±1%

h

28±1%

H

1.0 OA, 8% GDA

40±2%

h

33±3%

h

26±1%

I

1.2 OA, 0% GDA

43±5%

u, y

30±4%

u, y

27±6%

u, y

1.2 OA, 4% GDA

46±4%

u

28±10%

u

25±6%

U

1.2 OA, 8% GDA

43±3%

u

32±5%

u

25±8%

U

Surface Hydrophilicity
Water contact angle (WCA) measurements (Figure 33) showed that at 0% GDA

concentration there is no difference in WCA of the zein film surfaces between the films with
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different plasticizer contents ( 0.8:1, 1.0:1, 1.2:1 ), and the same is observed across GDA
concentrations for the 0.8 and 1.2 OA films. The 1.0 OA films have no significant difference
between the 0% and 4% GDA films, but the 8% GDA films are significantly less hydrophilic
indicated by the smaller water contact angle. It is important to remember that all of the films
were cast on PDMS coated petri dish surfaces. A likely explanation could be that the stacking of
the protein and oleic acid caused a larger exposure of the more polar β-turns towards the PDMS
than with the 0% and 4% GDA, 1.0 OA films. However, it is more likely that this is an anomaly,
as the corners of the experiment showed no differences. This lack of difference between all
formulations is primarily due to the way in which the experiment was conducted. The PDMS
was already cured within the petri dish, when the formulation was poured on top of it. The free
flowing film solution then oriented itself to try and match the hydrophobicity of the cured PDMS.
This caused all of the film formulations to reach a similar contact angle on the PDMS contact
side of the film, as shown by this data.

Figure 33. Water contact angle of zein films cured on PDMS.
2.4.7

Colorimeter
Colorimetry data was collected to see if the different film compositions caused any

change in color or translucence. The L*a*b* color space was used. The L* values which are a
measure of relative whiteness (L* is 100 for white and 0 for black) (Table 10) showed no
significant change between formulations. Therefore, no difference is detectable in terms of
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transparency/translucence of the films with the changes in plasticizer and crosslinker content. On
the other hand, the a* values which are a measure of relative green/red color hues (100 for red
and -100 is green ) (Table 10) showed a steady decrease with an increase in plasticizer
concentration for the films with 0% GDA. This trend corresponds to a decrease in red color with
increased plasticizer content. On the other hand, the a* value increases with crosslinker content
for the 1.0 and 1.2 OA films. For both of these plasticizer concentrations, the a* goes through a
maximum at 4% GDA. These trends can be attributed to the extra water added with the GDA in
8% crosslinker formulations, causing a slightly more watered down color. For the 0.8 OA films,
no difference was seen between the crosslinked and uncrosslinked formulations. The b* value,
which is a measure of relative blue and yellow colors (-100 for blue and 100 when yellow),
(Table 10) decreased with both crosslinker and OA content suggesting that the yellow hues
decreased in the films with crosslinking and OA content. Over all the crosslinked films appeared
as a browner color than the uncrosslinked films which were more yellow in color. These
observations corresponded to an increased red color (a*) and a decreased yellow color (b*) with
increasing GDA content.

Table 10. Zein film colorimeter data.
OA
Concentration
(w/w zein)
0.8

1.0

1.2

GDA
Concentration
(w/w zein)
0%
4%
8%
0%
4%
8%
0%
4%
8%

L*

a*

65.28 ±5.31
66.87 ±0.24
60.33 ±2.91
67.91 ±3.81
61.75 ±2.07
61.75 ±4.52
61.76 ±5.66
60.00 ±2.14
57.59 ±6.54

2.5

ANV
a, x
a
a
g, x
g
g
u ,x
u
u

12.11 ±1.34
11.69 ±0.60
12.55 ±0.59
9.85 ±2.13
15.99 ±2.59
13.99 ±2.11
8.81 ±2.53
14.44 ±1.02
13.36 ±3.54

b*
ANV
a, x
a
a
g, xy
h
gh
u, y
u
u

95.17 ±8.78
82.70 ±0.47
80.80 ±3.05
99.88 ±2.69
86.96 ± 1.26
83.92 ±0.78
83.64 ± 6.24
76.67 ±3.65
71.34 ±6.18

ANV
a, x
ab
b
g, x
h
h
u, y
uv
v

Conclusions

Zein’s film forming capabilities make it a prime candidate for a SERS substrate. In this
study, various film formulations were investigated to determine their enhancement of zein films
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for this application. It was found that both plasticizer and crosslinker content play a major role in
the properties of the films. For rheology, plasticizer content appeared to have a larger effect on
the storage modulus of the gels than the GDA content. This trend was mainly due to protein
aggregation through both hydrophobic interactions and hydrogen bonding. The latter was
demonstrated in FT-Raman 880 cm-1 peak. The FTIR peaks showed a clear mechanism of
crosslinking between the GDA aldehydes and amine groups on the zein protein- most likely at
with the glutamine amino acid β-turns. For SEM images, it was found that the highest fidelity of
nanostructures can be achieved with the 0.8 OA content alongside the implementation of
crosslinking with 4% GDA. Only very slight changes were observed in secondary structure and
surface contact angle, and a brownish color was observed with increased crosslinking. Future
characterization work should identify the ability of these formulations to replicate other
nanostructures as well as compare the formulations ability to peel gold effectively from PDMS
during lithography. This study proves that plasticizer and crosslinker create a competitive
environment over which zein film properties are decided, with 0.8:1 OA and 4% GDA to be the
most optimum formulation for the SERS based platform application. Thus, this formulation was
the one used in the rest of the work presented in this thesis.
The research in this chapter led to a submitted refereed publication to the Journal of Food
Engineering shown in Appendix C.
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CHAPTER 3.
ENHANCEMENT OF CORN ZEIN BASED SURFACE
ENHANCED RAMAN SPECTROSCOPY SENSOR FOR GLIADIN
DETECTION

3.1

Abstract

Raman spectroscopy is useful tool for the identification and detection of analytes in
conjunction with biosensors. Specifically, Surface Enhanced Raman Spectroscopy (SERS) has
increased the sensitivity of the Raman technique to achieve clearer spectra of analytes at lower
concentrations. In this Chapter, the zein corn protein film formulated in Chapter 2 was further
analyzed for its SERS enhancement abilities through modification and food analyte testing. The
zein films were imprinted with inverted micropyramids through the process of soft lithography,
coated in 200 nm of gold with electron beam evaporation, and further decorated with 50 nm gold
nanoparticles with the cysteamine binding molecule. Two different concentrations of cysteamine
were investigated: 10 and 100 mM. Through SEM imaging, it was discovered that the sensors
decorated with 100mM cysteamine solutions had a better dispersion of gold nanoparticles on the
sensor surface that coincided with a greater enhancement of the SERS signal. Therefore this
sensor was further tested with gliadin, the subfraction responsible for the immunological
response to gluten in allergic consumers. Specificity to gliadin was achieved with the
functionalization of anti-gliadin to the sensor surface. Five sensor concentrations of gliadin were
tested: 0, 2, 20, 200, and 2000 ppm. Although differences in Raman intensity were observed with
the various concentrations, the protein on protein nature of the sensor proved difficult to
conclusively distinguish between the samples.

3.2

Introduction

Surface Enhanced Raman Spectroscopy (SERS) is an advancement on the Raman
spectroscopy technique that allows for a greater differentiation between spectral peaks as well as
an increase in the intensity of all peaks. The basis of both these techniques is inelastic or Raman
scattering. This phenomenon occurs when a molecule’s electron is excited, usually from a
monochromatic laser in the visible light range, and changes energy states (Figure 5). The
radiation scattered by the sample molecules is then measured by the spectrophotometer, creating
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a sample spectra. What makes the signal SERS is the introduction of a roughed, metal surface
onto the sensor interface (Stiles et al. 2008). Electrons in the sample molecule become more
excited when the radiation bounces within sensor surface cavities, creating a larger
electromagnetic field. A SERS sensor creates these cavities through surface topography as well
as chemically with the use of noble metals. The most common metals used for SERS are gold,
silver, and copper (Cunningham 2013). The large electron clouds of these metals increase the
localized electromagnetic field and also allow for sample-metal charge transfers that increase the
degree of inelastic scattering (Stiles et al. 2008). These metals can be used to create SERS
sensors in a particulate form of various shapes or as a coating for structures imprinted onto the
sensor surface, thus creating roughness both chemically and topographically (Choi et al. 2010;
Gezer et al. 2016; Wang et al. 2014; Xu et al. 2012; Xu et al. 2011).
As mentioned in Chapter 2, a mostly biodegradable SERS sensor platform from corn zein
protein has been previously designed and fabricated by Dr. P.G. Gezer and her colleagues (Gezer,
Liu, and Kokini 2016a, Gezer, Liu, and Kokini 2016b).This amphiphilic protein contains mainly
hydrophobic residues (proline, valine, and alanine), but also has a number of hydrophilic
glutamine turns. This variation in hydrophobicity allows for zein film surface properties to be
tunable, and thus adhere to a metallic surface for SERS platform applications. Different gold
nano/microstructures have been shown to be successfully transfer to zein protein films through
the process of soft lithography (Gezer et al. 2016). This process involves using a flexible
intermediate mold between the master mold containing the desired structures and the protein film.
Gezer et al. (2016) compared various topographical structures to find the best structure for SERS
enhancement. The inverted micropyramids were found to have the best enhancement and
therefore were the structures chosen to be used in the optimization of zein film formulation
demonstrated in Chapter 2. When compared with the nanopores and nanopillars, inverted
micropyramids were found to be the best structures for SERS enhancement. With a 200nm gold
coating, the inverted micropyramids increased analyte signal by 1.6 x 106 (Gezer et al. 2016).
These structures were then used as the basis for the optimization of the zein film formulation for
a SERS sensor seen in Chapter 2. The sensor developed by Gezer et al. (2016) was tested using
acrylamide food toxin (Gezer et al. 2016b) and the Ara-h1 peanut allergen protein (Gezer et al.
2016a). However, the this largely biodegradable SERS sensory should be further tested with
food analytes, especially those of serious health concerns to consumers.
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The goal of this thesis is to build on the previous studies focused on food allergens and
develop a sensory for the detection of gluten protein. Gluten is a food allergen protein network
made up of two insoluble major protein fractions glutenin and gliadin. In those with celiac
disease, gluten attacks the lining of the small intestine causing malsorption of vital nutrients.
Unfortunately, the only method of treatment for this disease is avoidance of the allergen. It is
estimated that over 3 million people in the United States (U.S.) suffer from celiac disease. In
2013, the U.S. Food and Drug Administration issued a rule defining “gluten-free” to mean
containing less than or equal to 20 ppm gluten (Center for Food Safety and Applied Nutrition
2014). In addition, the production for gluten free food products grew 44% from 2011 to 2013 and
is projected to have the same kind of rapid growth in the years to follow (Mintel Group Ltd.
2014). With this increase in demand and new regulation, the need for a rapid and accurate
method for the detection of gluten is evident. Specifically, the gliadin fraction of gluten is the
main component responsible for the immunological response of gluten in those with celiac
disease (Balakireva and Zamyatnin 2016). It was the goal of this study to prove that a zein based
SERS sensor could be used to detect gluten content at the sensitive level to meet FDA
requirements through the detection of gliadin.

3.3
3.3.1

Materials & Methods

Materials
Ethyl Alcohol (140 Proof) was purchased from Decon Laboratories Inc. (King of Prussia,

PA); Zein (Z3625), Cysteamine (98%), Rhodamine-6G (R6G), 11-mercapteuronic acid (11MUA), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 98%, N-Hydroxysuccinimide
(NHS) 98% , and Anti-gliadin came from Sigma-Aldrich (St. Louis, MO); Oleic Acid (technical
grade 90%) from Alfa Aesar (Ward Hill, MA); mono-diglyceride emulsifier (BFP 65K
1004200364) from Caravan Ingredients (Lenexa, KS), and Sylgard (184 Silicone Elastomer Kits)
from Dow Corning (Midland, MI). The 4.5 E9 solution of 50 nm gold particles were obtained
from Ted Pella (Redding, CA). The gliadin was obtained from Sigma Aldrich (St. Louis, MO).
3.3.2

Manufacture of Zein SERS Sensors
The zein SERS sensors were made through the process of soft lithography, as discussed

in Chapter 2. This method involves imprinting inverted micro-pyramids onto the surface of zein
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films from a master mold through the use of an intermediate mold made of polydimethylsiloxane
(PDMS). The master molds were made from photocured polystyrene with inverted
micropyramids with dimensions of 2 x 2 x 2.1 μm obtained from Dr. Logan Liu’s laboratory at
the University of Illinois. To make the PDMS intermediates, 4 or 5 master molds were placed
into 60 mm petri dishes facing up. PDMS was then poured over the master molds and left to cure
at room temperature for 3 days. The PDMS was made the same as described in Chapter 2. The
PDMS base and curing agent from the Sylaguard Elastomer kit were mixed at a 10:1 v/v. The
mixture was then placed into a vacuum oven at room temperature for 1 hour at a pressure of 10
mmHg to remove all air bubbles. Approximately 20 mL of the liquid PDMS was then poured
into each of the 60 mm petri dishes and cured at room temperature for 3 days. After the PDMS
cured, the intermediate molds were cut from the petri dish into rectangles that were
approximately 1 x 0.5 x 0.25 in. and contained the inversion of the structures imprinted on the
master molds (aka positive pyramids).
In order to create SERS sensors, the zein films need to be coated with a noble metal, in
this case gold. Due to the sensitivity of the zein films to temperature, gold could not be directly
deposited onto the zein without compromising their integrity. Therefore, the PDMS intermediate
molds were coated with 200 nm of gold through electron beam (E-beam) evaporation. The gold
could then transferred onto the zein films during the last stage of the soft lithography, as
previously proven by Gezer et al. (2016). Once cured, PDMS forms a soft plastic that can be
easily deformed if not handled properly, resulting in a number of cracks in the gold coating once
deposited. For this reason, the PDMS intermediate molds were mounted onto 120 mm stainless
steel half disks with double sided polyimide tape. Two half disks were fastened to the sample
holder for the E-beam, coating approximately 30 intermediate molds at once (Figure 34). A 200
nm gold layer was dispensed onto the intermediate molds at a rate of 2 nm/s. This gold coating
process was completed in Purdue University’s Discovery Park at the Birck Nanotechnolgy
Center. An Airco Temescal VES 2550 E-beam evaporator located in the Scifres Nanofabrication
Laboratory was used for all gold deposition.
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Figure 34. Gold coated PDMS with imprinted inverted micropyramids.
After the PDMS was coated with gold, 2 of the half disks were placed into a 150 mm
petri dish for zein film casting. The process for creating zein films was the same as that described
in Chapter 2 with an oleic acid (OA) plasticizer ratio of 0.8:1 w/w zein and a glutaraldehyde
(GDA) crosslinker concentration of 4% w/w zein. This particular formulation was selected
because it gave the best fidelity in the studies indicated in Chapter 2. Ethanol (140 proof) was
heated to 62°C before zein was added at 1:5 g zein/ml ethanol. The solution was stirred for 5
minutes and then OA was added along with a mono/diglyceride emulsifier at a 0.05:1 w/w OA
ratio. The plasticizer/emulsifier ratio was slightly homogenized through heating by leaving the
beaker on the hot plate with the zein/ethanol solution for 2 minutes. After the addition of the
plasticizer and emulsifier, the solution was stirred for another 5 minutes before being removed
from heat and brought to room temperature. This cooling process took approximately 1 hour, and
the mixture was continuously stirred to help facilitate the temperature change. GDA was then
added to the solution and continuously stirred for 12 hours to allow for crosslinking. The zein
film solution was then poured over the gold coated intermediate molds so that a uniform height
of 0.5 in. was reached in the entirety of the petri dish. The petri dishes were then put into
desiccators to cast the films. This process took approximately 3 weeks. However, the sensors
were only cut from these dishes right before being used. Otherwise they were stored in the same
desiccator at an approximate relative humidity of 30%.
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3.3.3

Decoration of Zein SERS Sensors with Gold Nanoparticles
Once the gold coated zein sensors were fabricated, the effect of using gold nanoparticles to

further increase the SERS intensity was investigated. First, a 1M cysteamine solution was
prepared using milli-Q water. Cysteamine was used to bind the gold nanoparticles that decorate
the surface of the SERS sensors. The 1M solution was then diluted to both 10mM and 100mM.
These latter cysteamine concentrations were explored for their ability to create a uniform
monolayer of gold nanoparticles. These two concentrations were chosen based on the research by
Seo et al. (2016). Their study used 10 mM of cysteamine for the nanoparticle functionalization,
but the sensor platform used in that study was one that could be soaked in each solution. Since
zein is soluble in ethanol and easily plasticized by water, soaking the zein based sensor was not
possible. Therefore, a 25 μL droplet of 100 mM or 10 mM cysteamine was placed on the surface
of the gold coated zein sensor as opposed to the submersion method. This droplet size was
enough to cover the portion of the sensor containing the inverted micropyramids in its entirety
for both 10 mM and 100 mM cysteamine concentrations. The sensor was then covered and left at
room temperature for 2 hrs to allow for the cysteamine to form its own monolayer. The sensors
were then washed using a squeeze bottle of milli-Q water and dried with a stream of nitrogen gas.
A 25 μL droplet of a 4.5E10 solution of 50 nm gold nanoparticles (NP) solution was then placed
on the zein sensor- again over the inverted nanoparticles. The sensor was placed in a petri dish,
covered, and sealed with parafilm before being placed in the refrigerator at a temperature of 4°C
for 20 hrs. The sensors were then washed again with milli-Q water and dried with nitrogen gas.
The subsequent sensors emerged from this process decorated with gold nanoparticles, and the
different concentrations of cysteamine were investigated for their ability to enhance the zein
SERS signal.
3.3.4

Investigation of Zein Sensor SERS Enhancement
To determine the enhancement in SERS signal caused by the introduction of gold

nanoparticles, an experiment was performed comparing various zein SERS sensors (Table 11).
The No Au samples were made using soft lithography, but the PDMS was not coated with gold
through E-beam. The sensors labeled as No NPs were gold coated, but not decorated with gold
NPs. The other two sensors are referred to as the concentration of cysteamine used to decorate
the sensor surface with gold NPs. Rhodamine 6G (R6G) was used as the analyte to test the
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Raman response. A 25 μL droplet of 1mM R6G was placed on the sensor over the inverted
micropyramids and allowed to dry before testing.
Table 11. Zein SERS sensor platforms evaluated for Raman enhancement.
Sensor Name
No Au
No NPs

Micropyramids?
Yes
Yes

Gold coating?
No
Yes

10 mM

Yes

Yes

100mM

Yes

Yes

Gold nanoparticles?
No
No
Yes
(10 mM of
cysteamine was used
for NP decoration )
Yes
(100mM of
cysteamine was used
for NP decoration)

3.3.4.1 Visualization of Gold Nanoparticles with Scanning Electron Microscopy (SEM)
All sensors were analyzed using scanning electron microscopy (SEM) to determine the
efficiency and transfer quality of the inverted micropyramids imprinted from the PDMS surface
were as well as the degree of distribution of decorated gold NPs. The Nova NanoSEM that was
used is described in Chapter 2. The Cressington 208 HR sputter coater was used to coat the No
Au (zein only) sensor samples with platinum/palladium coating. Since all other samples were
already coated in gold, no platinum/palladium coating was necessary for SEM images. However,
the additional coating applied to the No Au samples for this analysis made these particular
samples invalid for further Raman analysis, since the coating would interfere with the Raman
signal. All samples were affixed to 1 in. SEM stubs with double sided carbon tape. To view the
inverted micropyramids, the samples were viewed in Field Free mode at a working distance of
approximately 5.7 mm and an accelerating voltage of 5 kV. However, to better see the 10 mM
and 100 mM samples decorated with 50 nm NPs, the SEM was placed in immersion mode to
obtain ultra-high resolution above 20,000x up to 200,000x and the working distance was
shortened to 5mm.
3.3.4.2 Diffusive Raman Spectroscopy
Raman spectra were collected using a Thermo Scientific DXR2 Raman Microscope. The 633
nm laser was used at a power of 2 mW with a long working distance 50x objective lens. In
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conjunction with a 25μm pinhole aperture, this lens created a total laser spot size was 1.3 μm.
Atlμs software was used to perform xy-mapping of the sensor. Each map was a 6x6 μm square
with a 2 μm step size in each direction, creating a total of 9 points captured for each map. This
distance ensured that the laser focus was at the center of an inverted pyramid for each collection.
To test the SERS enhancement of these various sensor platforms, Rhodamine-6G was used as a
target analyte. A 1mM solution of R6G was made with water solvent. Every sample was photo
bleached for 20s before collecting a spectrum to decrease the fluorescence caused by the zein
protein. The spectra were collected from 200 to 3600 cm-1. All 9 spectra collected from each map
were averaged together and then manually baseline corrected to remove any interference from
zein fluorescence (Figure 35). Five maps were collected for each of the sensors tested, totaling
45 spectra collected for each sensory and 135 spectra for each formulation detailed in Table 11as this part of the study was replicated 3 times.

Figure 35. Baseline corrected Raman spectra: a. Rhodamine 6G Raman spectra; b. Gliadin
Raman spectra.
3.3.5

Gliadin Allergen Detection

The zein SERS sensor was used to detect different concentrations of gliadin, as a model
system for gluten allergenicity testing. This testing was only performed on the zein SERS sensor
platform that offered the best enhancement, as discovered from the results of the study described
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in the previous section. The gliadin was detected through an immunoassay, the binding of an
antibody to its analyte. Gliadin antibodies (Anti-G) were functionalized to the surface of the zein
sensors using the method described in Gezer et al. (2016a). First the microstructures were
covered with a 50 μl droplet of 2 M 11-MUA ethanolic solution and immediately placed into an
incubator at a constant temperature of 37°C. These sensors were also kept at a constant relative
humidity of 31% using a magnesium chloride salt solution. The sensors were then incubated for
16 hours, before being washed with 200 proof ethanol and dried with nitrogen gas. A 50 μl
droplet of a 1:1 solution of 0.4 M EDC and 0.1 M NHS was placed over the microstructures and
then placed back into the incubator for 45 min. This mixture was used to activate the 11-MUA
for the reception and binding of the anti-gliadin protein to the gold surface. The sensors were
washed with water and again dried with nitrogen gas. Finally a 30μl droplet of 50 μg/ml antigliadin solution was placed over the gold coated microstructures . The sensor surface was
allowed to bind to the anti-gliadin protein for 30 min before being washed with ethanol as well
as water to remove the excess unbound anti-gliadin protein and then dried. Now that the SERS
sensor was functionalized with anti-gliadin, a 50 μl droplet of a gliadin solution containing 0, 2,
20, 200, or 2000 ppm gliadin was placed on the surface of the sensor and allowed to dry at room
temperature. The sensors were washed with 70% ethanol and dried to remove any gliadin
unbound to the antibody from the surface. The same Raman method was used for this part of the
experiment as described previously, including the number of spectra collected. Differences
between the Raman spectra for gliadin sensors were analyzed statistically using principle
component analysis (PCA). This process was carried out using the Matlab computer program. A
sample code can be seen in Appendix D.

3.4
3.4.1

Results & Discussion

Enhancement of zein SERS Sensor with Gold Nanoparticles
All four of the sensor types listed in Table 57, were analyzed using SEM to determine the

quality of the microstructures as well as the distribution of gold nanoparticles on the sensor
surface after functionalization. The No Au and No NPs images (Figure 36) show that a
successful transfer of the inverted micropyramids was achieved through soft lithography both
with and without gold coated PDMS intermediate molds. The SEM comparison of the 100 mM
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and the 10 mM cysteamine solutions showed that a much greater dispersion of nanoparticles was
achieved with the 100 mM cysteamine solution compared to the 10 mM solution (Figure 37).
(Figure 36 appears slightly different than Figure 37, due to the mode under which the images
were taken. Field free mode was used for Figure 36 and the ultra-sensitive immersion mode was
used for Figure 37.)

The 10 mM concentration of cysteamine succeeded in attaching a

considerable number of gold nanoparticles to the sensor surface, but they were not evenly
distributed. The nanoparticles mostly congregated in a few areas throughout the sensor surface.
These large masses of particles would be very good for the SERS signal because the distance
between gold nanoparticles would very small and therefore the intensity of hotspots would be
quite high, but there was no way to control where these aggregates occurred and it was very
difficult to focus the laser beam on these very small areas of the order of a few hundred nm2. The
structures that did not contain large amounts of particles contained barely any. Furthermore, the
large aggregates of gold NPs on the 10 mM cysteamine samples appeared to be mainly located at
the top of the inverted micropyramids. This placement is not ideal, as the signal could be more
enhanced if a considerable fraction of the particles were stacked up at the bottom of the inverted
pyramid wells (Xu et al. 2011). The 100 mM solution of cysteamine was able to achieve a good
dispersion of gold nanoparticles across the whole sensor surface. Particles were present both
within the wells of the inverted pyramids as well as towards the top between the wells. Therefore
the distribution of the nanoparticles with the 100 mM cysteamine sample provides a more
enhanced SERS signal. (Additional SEM images of each of the sensor types described in Table
11 can be found in Appendix E.)

94

Figure 36. SEM images of inverted micropyramids imprinted in zein films: a) No Au; b) No NPs.

Figure 37. SEM images of inverted micropyramids decorated with gold nanoparticles on zein
films (Left: 10 mM cysteamine; Right: 100 mM cysteamine): a) an inverted pyramid (well) full
of NPs; b) a well without any NPs; c) a well with evenly dispersed NPs.
The enhancement of the SERS signal with different surface preparations was tested using
Rhodamine-6G (R6G) as the target analyte. As shown in Figure 38, the 100mM cysteamine
sensor had the strongest Raman signal overall. The No Au zein spectrum was very small
compared to the gold coated zein substrate. This trend is expected, as the addition of a metal
coating on a SERS sensor is known to enhance the SERS signal 10-102 times (Stiles et al. 2008).
A total enhancement of approximately 10 times was achieved by the addition of gold and gold
nanoparticles onto an imprinted zein sensor with inverted pyramids (Table 12). The R6G peak
intensity at 1360 cm-1 was measured as a reference of each sensor’s enhancement. This peak has
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been successfully used in prior studies as a marker of Raman signal intensity in the literature
(Gezer et al. 2016; Seo, Zhou, and Liu 2016). This peak is indicative of the aromatic ring
vibrations (Lin-Vien et al. 1991) that are highly present in the R6G molecule, but not present in
the zein structure. The larger standard deviations for the three gold coated sensor platforms are
more probably due to the lack of uniformity of the thickness of the gold layer and cracks in the
coating. Although the lithography process is successful, there are still very small cracks that exist
within the gold. This may have led to seeping of some of the R6G solution below the gold
coating, causing variation within the No NPs, 10mM, and 100 mM samples (Figure 36 and
Figure 37). The 10mM cysteamine sensor had the largest standard deviation because of the lack
of uniformity in the distribution of nanoparticle aggregates (Figure 37). Some of the inverted
nanoparticle wells had no particles while others had a considerable number, creating a similar
spectra to the No NPs platform in the former case and a largely enhanced signal in the latter. No
statistical difference was found between the No NPs and the 10mM cysteamine functionalized
gold nanoparticle sensors, but these two were statistically different from the No Au and 100mM
cysteamine samples at a 95% confidence level. In conclusion, both the SEM images and the
Raman spectra showed that the zein sensor platform coated in gold and decorated with gold
nanoparticles using 100mM cysteamine was the superior platform. This sensor setup was further
tested for detection of the gliadin protein which is primarily responsible for the celiac disease
toxic reaction in patients.

Figure 38. Raman spectra of zein SERS platforms with R6G analyte: No Au (green); No NPs
(cyan); 10 mM Cysteamine (blue); 100mM Cysteamine (red).
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Table 12. Enhancement of Raman peak at 1360cm-1 for R6G zein platforms.
Sensor Platform
No Au
No NPs
10 mM Cysteamine
100 mM Cysteamine

3.4.2

Raman Intensity of R6G peak at 1360cm-1
(cps)
279± 67a
1354±690b
1397±992b
2092±655c

Gliadin Detection with Zein SERS Sensors
The new sensor design containing functionalized gold nanoparticles was tested for

efficiency in detection of the gliadin food allergen analyte. Sensors were made and then further
functionalized with Anti-Gliadin antibody. These antibodies are known to only bind to gliadin as
proven by the Western blots obtained by Bozkurt et al (2014) and Ansari et al. (2015), creating a
sensor that can specifically and selectively bind with gliadin. This sensor was tested at 0
(control), 2, 20, 200, and 2000 ppm concentrations of gliadin. All of the sensor surfaces were
functionalized with Anti-G, including the 0 ppm (control) sensor. Figure 39 shows that there is a
difference in Raman intensity at all of these various concentrations. The 200 and 2000 ppm
sensors are well above those of the 2, 20, and control sensors. The overlap of the 200 and 2000
ppm sensors is more than likely due to these concentrations higher hydrophobicity. Gold also is
reported to have a WCA around 50 to 65 degrees making the surfaces of the zein based SERS
sensors hydrophobic-leaning amphiphilic as well. As the concentration of the gliadin sample
solutions increased, so did the hydrophobic-leaning amphiphilic properties of the solution.
Therefore the surface properties of the gliadin solutions and the gold coating on zein are quite
compatible. Consequently the 200 and 2000 ppm samples immediately spread out onto the
sensor after being applied, while the 0-20 ppm samples did not spread as well and formed a
domed droplet. The spreading of these droplets could have hindered the reaction between the
Anti-G and gliadin molecules because the 140 proof ethanol solvent used to dissolve both of
them may have quickly seeped beneath the surface due to cracks in the gold and some of the
gliadin and the anti-gliadin may no longer be available to react causing errors in the
measurements (Figure 39). Zein, anti-gliadin, and gliadin are all proteins and the peaks obtained
as possible fingerprints of the sensors are very similar making it impossible to find a peak that
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will systematically increase in height or total area with gliadin concentration. This protein on
protein on protein set up made it hard for the lower 2 concentrations of gliadin to offer a
quantitatively different signature from the control sensor when averaged spectra intensity alone
were considered.

Figure 39. Gliadin sensor Raman spectra: 2000 ppm gliadin (magenta); 200 ppm gliadin (cyan);
20 ppm gliadin (red); 2 ppm gliadin (green); control sensor (blue).
Since the smaller gliadin concentrations had intensities close to that of the control, and no
individual peak could be chosen to fingerprint gliadin due to the protein on protein nature of the
sensor, the gliadin spectra data were run through principal component analysis (PCA). For this
analysis, the spectra were cut down to 200-3600 cm-1. As seen in Figure 40, the average of every
map showed no differences between concentrations. All of the spectra overlap one another, with
the control (blue) closely clustered around the origin, but intermingled by all of the gliadin
concentrations. However when the data is averaged across each sensor for each day, some
differences are apparent (Figure 41). The control spectra align diagonally across the origin, while
the 20 ppm spectra concentrate in the negative PC2 and PC3 region. On the other hand, the 2000
ppm gliadin spectra concentrate in the positive PC2 and PC3 quadrant. These three regions are
distinguishable differences and are the corners of the experiment. However, the 2 and 200 ppm
gliadin concentrations are still irregularly scattered. These trends most likely stem from the
variability between sensors created through a bench top process. The many washing steps
involved in both gold nanoparticle decoration and antigliaidin functionalization, created ripples
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in the 20nm gold coating on the sensor and often caused gold loss. Once gold was lost from the
sensor surface, the different solutions could have seeped into the zein film and caused problems
with the overall sensor fabrication, and ultimately the ability of the sensor to properly detect the
gliadin analyte.

Figure 40. PCA figures of gliadin sensors over every spot of each sensor (all 3 days included):
control (blue); 2 ppm (green); 20 ppm (red); 200 ppm (cyan); 200 ppm (magenta).

Figure 41. PCA figures of each gliadin sensor at various concentrations (all 3 days): control
(blue); 2 ppm (green); 20 ppm (red); 200 ppm (cyan); 200 ppm (magenta).
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3.5

Conclusions

The aim of this study was to increase the SERS sensitivity of a biodegradable zein based
platform. Zein protein films were imprinted with inverted micropyramids, coated with 200nm of
gold, and decorated with 50 nm gold nanoparticles. The nanoparticle decoration was tested with
both a 10 mM and a 100mM solutions of cysteamine, used to bind the nanoparticles to the gold
coated surface. The sensors fabricated with nanoparticles using the 100mM cysteamine solution
had the greatest Raman intensity enhancement when tested with Rhodamine 6G analyte. An
enhancement of 10 times was achieved by the implementation of both the gold coating and the
gold nanoparticles, when compared to a zein protein film with inverted micro pyramidal
structures.
To further test this enhanced SERS sensor, the gluten subfraction gliadin was used. The
specificity of the sensor was tested through the functionalization of anti-gliadin antibodies to the
surface of the sensor. Due to the protein (gliadin) on protein (Anti-G) on protein (zein) nature of
this detection method, a difference in Raman intensity could be identified in the overall spectrabut no specific peak could was able to differentiate the control sensor from the others. Therefore,
the SERS spectra were further analyzed with principle component analysis (PCA). A
differentiation could not be determined based on every spectra collected, but once the spectra
were averaged based on the sensor- PCA was able to tell differences between the corners of the
experiment (0, 20, and 2000ppm gliadin). Future work should look into ways to keep the 20 nm
gold coating during sensor fabrication steps as well as ways to better differentiate protein
analytes from the protein sensor and antibodies.
The research in this chapter led to a submitted refereed publication to Food Control shown
in Appendix F.
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CHAPTER 4.

CONCLUSIONS

Throughout this thesis, the optimization of a zein protein film platform was investigated.
First, the formulation of the zein film was tested with varying concentrations of oleic acid (OA)
plasticizer and glutaraldehyde crosslinker (GDA). The highest fidelity of inverted micropyramids
was achieved with 0.8 OA and 4% GDA. No real differences were found in the films between
the 4% and 8% GDA concentrations. However, the 0.8, 1.0, and 1.2 OA concentrations showed
large differences in both chemical and physical film properties. The amount of plasticizer had an
effect on protein aggregation, changing the rheology of both the crosslinked and uncrosslinked
films. The mechanism proposed for GDA crosslinking of oleic acid plasticized zein protein is
through a reaction between crosslinker aldehydes and zein protein amine groups. The polar
glutamine turns are the most likely spot for these crosslinking reactions, while the OA most
likely layered between the hydrophobic portions of the protein. The crosslinked films got slightly
more brown in color, while the water contact angle showed no real change between formulations.
The SEM images showed that the 0.8 OA with 4% GDA film formulation gave the highest
fidelity of nanostructures.
The optimized zein film formulation was then used to improve further SERS enhancement
with the decoration of gold nanoparticles. The zein films were coated in gold through the
simultaneous transfer of gold and inverted micropyramidal structures. This coating and
imprinting was done through the process of soft lithography. Gold nanoparticles were then
affixed to the surface using cysteamine. Two different concentrations of cysteamine (10 mM and
100 mM) were tested for their ability to uniformly scatter the nanoparticles. Scanning electron
microscopy images proved that 100mM of cysteamine gave the best distribution of nanoparticles,
which in turn improved the SERS enhancement of the Raman active Rhodamine 6G analyte.
With this sensor fabrication, a 10 times Raman signal enhancement was achieved over imprinted
zein films alone.
The gold nanoparticle sensor platform fabricated with 100 mM cysteamine was further
tested using the gluten allergen gliadin. Gliadin antibodies were functionalized to the surface of
the sensor, specific to the capture of the gliadin analyte. A control sensor having 0 ppm gliadin
was compared to sensors with 2, 20, 200, and 2000 ppm gliadin. A considerable difference in
Raman intensity was observed between the different concentrations, but no specific peak could
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be identified due to the gliadin analyte on gliadin antibody on zein film nature of the sensor.
Principle component analysis (PCA) was utilized to help differentiate between the different
spectra. A clear difference between the control (0 ppm), 20 ppm, and 2000 ppm sensors was
observed- but the 2 and 200 ppm sensors were less clear . These trends are most likely due to the
inability to perfectly replicate these sensors on a lab scale, the variability offered by the
functionalization procedure to deposit gold and to bind antigliadin to the sensor surface. The
various washing steps used to decorate the sensor with gold nanoparticles and functionalize the
antibodies caused ripples and loss of the 20 nm gold layer coating on the sensor surface.
Future work should focus on further sensor development through surface properties and
Raman spectra analysis. Surface properties could be optimized to prevent gold loss and rippling
during other surface processes, making the sensor surface more amenable to greater SERS
enhancement. The Raman signal could also be further studied to determine more applicable ways
to determine variations in protein analytes in a field setting. While PCA is a great tool, it is not
something that is always possible for on the line testing of products.
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APPENDIX A.
AMPLITUDE AND FREQUENCY SWEEPS FOR
FORMULATIONS WITH DIFFERENT LEVELS OF OLEIC ACID (0.8,
1.0, 1.2) AND GLUTARALDEHYDE (0, 4, 8%)

0.8 OA, 0% GDA


Amplitude Sweep



Frequency Sweep

105
0.8 OA, 4% GDA


Amplitude Sweep



Frequency Sweep
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0.8 OA, 8% GDA


Amplitude Sweep



Frequency Sweep
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1.0 OA, 0% GDA


Amplitude Sweep



Frequency Sweep
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1.0 OA, 4% GDA


Amplitude Sweep



Frequency Sweep
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1.0 OA, 8% GDA


Amplitude Sweep



Frequency Sweep
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1.2 OA, 0% GDA


Amplitude Sweep



Frequency Sweep
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1.2 OA, 4% GDA


Amplitude Sweep



Frequency Sweep
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1.2 OA, 8% GDA


Amplitude Sweep



Frequency Sweep
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APPENDIX B.
FT-RAMAN AND FTIR SPECTRAL DATA FOR
FORMULATIONS WITH OLEIC ACID (0.8, 1.0, 1.2) AND
GLUTARALDEHYDE (0, 4, 8%)

FT- Raman

FTIR
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APPENDIX C.
PAPER SUBMITTED TO THE JOURNAL OF
FOOD ENGINEERING “EFFECT OF PLASTICIZING AND
CROSSLINKING AT ROOM TEMPERATURE ON
MICROSTRUCTURE REPLICATION USING SOFT LITHOGRAPHY
ON ZEIN FILMS”
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APPENDIX D.

%
%
%
%

SAMPLE MATLAB PCA CODE

Load baseline corrected spectra
Create 1 .txt file with all of the spectra
first column= Raman shift (1/cm)
column 2 begin Raman Intensity (cps)

a11=VarName2;
a12=VarName3;
a13=VarName4;
a14=VarName5;
a15=VarName6;
a21=VarName7;
a22=VarName8;
a23=VarName9;
a24=VarName10;
a25=VarName11;
a31=VarName12;
a32=VarName13;
a33=VarName14;
a34=VarName15;
a35=VarName16;
b11=VarName17;
b12=VarName18;
b13=VarName19;
b14=VarName20;
b15=VarName21;
b21=VarName22;
b22=VarName23;
b23=VarName24;
b24=VarName25;
b25=VarName26;
b31=VarName27;
b32=VarName28;
b33=VarName29;
b34=VarName30;
b35=VarName31;
c11=VarName32;
c12=VarName33;
c13=VarName34;
c14=VarName35;
c15=VarName36;
c21=VarName37;
c22=VarName38;
c23=VarName39;
c24=VarName40;
c25=VarName41;
c31=VarName42;
c32=VarName43;
c33=VarName44;
c34=VarName45;
c35=VarName46;
d11=VarName47;
d12=VarName48;
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d13=VarName49;
d14=VarName50;
d15=VarName51;
d21=VarName52;
d22=VarName53;
d23=VarName54;
d24=VarName55;
d25=VarName56;
d31=VarName57;
d32=VarName58;
d33=VarName59;
d34=VarName60;
d35=VarName61;
e11=VarName62;
e12=VarName63;
e13=VarName64;
e14=VarName65;
e15=VarName66;
e21=VarName67;
e22=VarName68;
e23=VarName69;
e24=VarName70;
e25=VarName71;
e31=VarName72;
e32=VarName73;
e33=VarName74;
e34=VarName75;
e35=VarName76;
%
%%
%Combine all the data into matrices
%First combine based on replications
a1=[a11 a12 a13 a14 a15];
a2=[a21 a22 a23 a24 a25];
a3=[a31 a32 a33 a34 a35];
b1=[b11 b12 b13 b14 b15];
b2=[b21 b22 b23 b24 b25];
b3=[b31 b32 b33 b34 b35];
c1=[c11 c12 c13 c14 c15];
c2=[c21 c22 c23 c24 c25];
c3=[c31 c32 c33 c34 c35];
d1=[d11 d12 d13 d14 d15];
d2=[d21 d22 d23 d24 d25];
d3=[d31 d32 d33 d34 d35];
e1=[e11 e12 e13 e14 e15];
e2=[e21 e22 e23 e24 e25];
e3=[e31 e32 e33 e34 e35];
%average based on the day/sensor
A1=mean(a1,2);
A2=mean(a2,2);
A3=mean(a3,2);
B1=mean(b1,2);
B2=mean(b2,2);
B3=mean(b3,2);
C1=mean(c1,2);
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C2=mean(c2,2);
C3=mean(c3,2);
D1=mean(d1,2);
D2=mean(d2,2);
D3=mean(d3,2);
E1=mean(e1,2);
E2=mean(e2,2);
E3=mean(e3,2);
%Then
a=[A1
b=[B1
c=[C1
d=[D1
e=[E1

combine based upon concentration
A2 A3];
B2 B3];
C2 C3];
D2 D3];
E2 E3];

%Then combine all
all=[a,b,c,d,e];
%%
%Visualize pca for reference
mapcaplot(all');
%%
%Extract PCA scores for all data
[coeff,scores]=pca(all');
as11=scores(1:3,1);
as12=scores(1:3,2);
as13=scores(1:3,3);
bs11=scores(4:6,1);
bs12=scores(4:6,2);
bs13=scores(4:6,3);
cs11=scores(7:9,1);
cs12=scores(7:9,2);
cs13=scores(7:9,3);
ds11=scores(10:12,1);
ds12=scores(10:12,2);
ds13=scores(10:12,3);
es11=scores(13:15,1);
es12=scores(13:15,2);
es13=scores(13:15,3);
%%
%Plot PCA scores: PC 1 vs PC 2
%different colors
plot(as11,as12,'b*',bs11,bs12,'g*',cs11,cs12,'r*',ds11,ds12,'c*',es11,es12,'m
*');
%axis limits
xlim([-150 250]);
ylim([-40 40]);
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%axis labels
xlabel('PC 1')
ylabel('PC 2')
%create a legend
%legend('2 ppm Gliadin g','20 ppm Gliadin r','200 ppm Gliadin m','2000 ppm
Gliadin c');
%create a title
title ('Principal component analysis (PC 1 vs PC 2)');
%%
%Plot PCA scores: PC 1 vs PC 3
%different colors
plot(as11,as13,'b*',bs11,bs13,'g*',cs11,cs13,'r*',ds11,ds13,'c*',es11,es13,'m
*');
%axis limits
xlim([-150 250]);
ylim([-20 10]);
%axis labels
xlabel('PC 1')
ylabel('PC 3')
%create a legend
%legend('2 ppm Gliadin g','20 ppm Gliadin r','200 ppm Gliadin c','2000 ppm
Gliadin m');
%create a title
title ('Principal component analysis (PC 1 vs PC 3)');
%%
%Plot PCA scores: PC 2 vs PC 3
%different colors
plot(as12,as13,'b*',bs12,bs13,'g*',cs12,cs13,'r*',ds12,ds13,'c*',es12,es13,'m
*');
%axis limits
xlim([-40 40]);
ylim([-20 10]);
%axis labels
xlabel('PC 2')
ylabel('PC 3')
%create a title
title ('Principal component analysis (PC 2 vs PC 3)');
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APPENDIX E.

SEM IMAGES

No Au: Replications of zein film with inverted micropyramids coated in platinum/palladium
coating (0.8 OA, 4% GDA): differet magnifications.

No NPs: Gold coated zein films (0.8 OA, 4% GDA), no nanoparticles: different replications and
magnifications.
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10mM Cysteamine: Gold coated zein film (0.8 OA, 4% GDA) with Gold nanoparticles
functionalized to the surface with 10mM Cysteamine: replications and different magnifications.
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100 mM Cysteamine: Gold coated zein films (0.8 OA, 4% GDA) with Gold nanoparticles
functionalized with 100mM cysteamine: replications and different magnifications.
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APPENDIX F.
PAPER SUBMITTED TO THE JOURNAL OF
FOOD CONTROL “ENAHNCEMENT OF CORN ZEIN BASED
SURFACE ENHANCED RAMAN SPECTROSCOPY SENSOR
PLATFORM”
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